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The problem of clinical pain management 
is complex and far-reaching, as it 
encompasses many different types of 
pain, such as arthritis, musculoskeletal 
conditions, neuropathic pain, and visceral 
pain. It is widely known that many of 
the well-established analgesic pathways 
are centrally based, involving spinal and 
supraspinal sites. However, pain can also 
be effectively controlled by peripheral 
pathways. The analgesics market is growing 
and the driving forces are the aging 
population and need for better therapeutic 
benefits. There are various analgesic 
products that are available that can be 
administered by various routes, yet research 
is active in identifying new technologies for 
better drug targeting and novel targets to 
gain improved therapeutic efficiency. 

This e-Book “PAIN – novel targets and new 
technologies” has brought together experts 
in the field of pain at the physiological, 
pharmacological and pharmaceutical levels 
to discuss novel pain targets and new pain 
technologies across the various types of 

pain. This information is presented as novel research findings, short communications and 
review articles. The goal of this e-Book is to generate further collaborative discussion on the 
future and direction of pain therapies.

PAIN – NOVEL TARGETS AND NEW 
TECHNOLOGIES
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Pain is a major health problem that significantly affects the qual-
ity of life of patients. It has a significant impact on both the
sufferers and the broader community, imparting high health
costs, and economic loss to society. The consensus among clin-
icians and researchers worldwide is that current strategies for the
treatment of pain are inadequate. These inadequacies are even
greater when chronic pain, which often accompanies chronic ill-
nesses such as arthritis or nerve injury, is involved. Despite major
advances in treatment strategies over the last two decades, pain
management still remains a major challenge in arthritis; and
even with treatment with current therapies, many patients still
experience moderate-to-severe pain (Stein and Baerwald, 2013).
Patients with rheumatoid arthritis report pain management as
their highest priority (Whittle et al., 2013), and osteoarthritis is
the leading cause of pain and physical disability in the elderly
(Stein and Baerwald, 2013). The burden of disease, especially with
osteoarthritis, is growing in relation to the aging population and
the increasing levels of obesity in the world population. Similar
concerns are growing for other types of pain.

Current analgesics for persistent pain are relatively ineffective,
are associated with significant adverse effects or abuse liabil-
ity, and do not reduce pain in all treated individuals (Woolf,
2010). Opioids (e.g., morphine, codeine, oxycodone) are cur-
rently one of the most potent groups of analgesics used clinically
(Iwaszkiewicz et al., 2013), with prescriptions increasing by 50%
over the past 10 years for chronic, non-cancer pain (Waterman,
2013). However there is clear evidence that as opioid prescription
rate rises, there is a corresponding increase in opioid overdose
deaths, misuse and addiction, with these adverse effects attributed
to their agonist effects on central opioid receptors—causing
dependence, tolerance, sedation, and respiratory depression (Hua
and Cabot, 2010; Waterman, 2013). Non-steroidal and steroidal
anti-inflammatory drugs have serious side effects such as gastric
erosions, ulcer formation, bleeding, hypersensitivity reactions,
cardiovascular toxicity, renal toxicity, and hepatotoxicity (Warner
and Mitchell, 2008; Stein et al., 2009). In addition, they are
also not peripherally selective thereby causing a range of cen-
tral adverse effects (Stein et al., 2009). Over the past 20 years,
most analgesic development activity have been limited to refor-
mulation of opioids, production of new cyclooxygenase (COX)
inhibitors, amine reuptake inhibitors and anticonvulsants, and
introduction of topical local anesthetics—all of these act on well-
established targets (Woolf, 2010). Therefore, there is an obvious
clinical need to introduce more effective and safe analgesics,
suitable for chronic administration.

The problem of clinical pain management is complex and far-
reaching, as it encompasses many different types of pain, such
as arthritic, musculoskeletal, neuropathic, and visceral pain. Our
increasing understanding of the neurobiology of pain further sup-
ports that a “one size fits all” policy is not appropriate for the
way we treat pain across different pathological pain conditions as
well as for individuals with the same underlying condition. Pain is
commonly a manifestation of a range of multiple, sometimes irre-
versible, abnormalities in the functioning of the nervous system.
In many cases the problem is the persistent amplification of sen-
sory signals and generation of spontaneous activity in the nervous
system, which occurs in conditions such as fibromyalgia, neuro-
pathic pain, irritable bowel syndrome, and headaches (Woolf and
Salter, 2000; Latremoliere and Woolf, 2009). The complexity and
heterogeneity of pain should be appreciated. Complex interplay
of processes operating at multiple peripheral and central sites are
involved in initiating or sustaining pain, with each mechanism
involving many unique or similar targets (Woolf, 2010).

The driving force for the successful translational development
of novel analgesics requires the collaboration of experts in the
field of basic pain science, pharmaceutics and clinicians special-
izing in pain management. Drug delivery and targeting is now
recognized as the key to effective development of many novel and
existing therapeutics to enable optimal therapeutic use of such
molecules, as many drugs are severely compromised by signifi-
cant obstacles to delivery in vivo and by toxic adverse effects (Hua
and Wu, 2013). Drug delivery systems have been used in pain
therapies to improve toxicity or side effect profiles by targeted
delivery to specific sites in the body, increase drug bioavailabil-
ity, and providing prolonged drug release (Hua and Cabot, 2013;
Hua and Wu, 2013). There is also a need for detailed pheno-
typing of animal models of pain and evaluation of whether the
models are appropriate surrogates for human pain syndromes.
In cases where there is no good rodent model of the disease,
it may be better to model pain mechanisms, such as peripheral
sensitization or ectopic excitability in nociceptors using electro-
physiology (Woolf, 2010). It may be very likely that a single
pain-relieving magic bullet simply does not exist, and instead our
focus may need to turn to multiple targeted treatments and/or
synergistic therapies that are aimed at the specific mechanisms
responsible.

This Research Topic focuses on articles that discuss the mech-
anisms of various types of pain as well as identifying poten-
tial novel targets and new technologies for the development of
innovative therapeutic strategies for the treatment of pain.
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Chemotherapy induced peripheral neuropathy (CIPN) is a type of neuropathic pain that
is a major dose-limiting side-effect of potentially curative cancer chemotherapy treatment
regimens that develops in a “stocking and glove” distribution. When pain is severe, a
change to less effective chemotherapy agents may be required, or patients may choose
to discontinue treatment. Medications used to alleviate CIPN often lack efficacy and/or
have unacceptable side-effects. Hence the unmet medical need for novel analgesics for
relief of this painful condition has driven establishment of rodent models of CIPN. New
insights on the pathobiology of CIPN gained using these models are discussed in this
review. These include mitochondrial dysfunction and oxidative stress that are implicated as
key mechanisms in the development of CIPN. Associated structural changes in peripheral
nerves include neuronopathy, axonopathy and/or myelinopathy, especially intra-epidermal
nerve fiber (IENF) degeneration. In patients with CIPN, loss of heat sensitivity is a hallmark
symptom due to preferential damage to myelinated primary afferent sensory nerve fibers
in the presence or absence of demyelination. The pathobiology of CIPN is complex as
cancer chemotherapy treatment regimens frequently involve drug combinations. Adding
to this complexity, there are also subtle differences in the pathobiological consequences
of commonly used cancer chemotherapy drugs, viz platinum compounds, taxanes,
vincristine, bortezomib, thalidomide and ixabepilone, on peripheral nerves.

Keywords: chemotherapy-induced peripheral neuropathy (CIPN), mitochondrial dysfunction, oxidative stress,

intraepidermal nerve fiber (IENF) degeneration, loss of heat sensitivity

INTRODUCTION
Chemotherapy-induced peripheral neuropathy (CIPN) is a com-
mon and potentially dose-limiting side effect of many cancer
chemotherapy drug treatment regimens (Burton et al., 2007). The
prevalence of CIPN varies from 10 to 100% depending upon the
particular anticancer drug or drug combination administered, the
dosing regimen, the methods of pain assessment and the particu-
lar patient situation (Balayssac et al., 2011). The development of
CIPN may result in dose reduction of the cancer chemotherapy
agents or a switch to less efficacious agents or even cessation of
treatment in the extreme (Gutiérrez-Gutiérrez et al., 2010).

Typically, CIPN presents in patients with a “stocking and
glove” distribution in the feet and hands, respectively, due
to the vulnerability of the long nerves (Boland et al., 2010).
Sensory symptoms that are commonly reported include paresthe-
sia, dysesthesia, allodynia, hyperalgesia, hypoalgesia or pain that
is burning, shooting or electric-shock-like (Boland et al., 2010).
Painful symptoms may persist well beyond discontinuation of
treatment (so called “coasting”) (Quasthoff and Hartung, 2002)
resulting in a condition as painful or more painful than the orig-
inal cancer. Furthermore, although slow recovery of peripheral
nerve damage may occur in patients with CIPN, this is not always
the case and so pain may persist (Peltier and Russell, 2002).

Anticancer drugs that most commonly induce CIPN are
platinum compounds (cisplatin and oxaliplatin), spindle

poisons/antitubulins including vincristine and paclitaxel (Wolf
et al., 2008; Balayssac et al., 2011), and some newer agents such as
the proteasome inhibitor, bortezomib (Hoy, 2013), ixabepilone
(Goel et al., 2008) and thalidomide (Kocer et al., 2009). A wide
range of solid and hematological malignancies are treated with
these compounds and polychemotherapy schedules are used to
enhance treatment effectiveness (Cavaletti and Marmiroli, 2010).
However, the latter also increase the risk of CIPN (Burton et al.,
2007; Argyriou et al., 2013).

The prevalence of cancer is increasing globally with an esti-
mated 17 million new cases projected by 2020 (Kanavos, 2006;
Paice, 2011). Cancer survival rates have increased dramatically
as new treatments and older therapies are refined to have a
greater antitumor effect. This means that the landscape of “can-
cer pain” has shifted into a form of long term chronic pain
in many instances (Burton et al., 2007). In clinical practice,
CIPN is poorly diagnosed and under-treated to the detriment of
patient quality-of-life and there is no proven method for preven-
tion of CIPN (Balayssac et al., 2011). Although drugs used to
provide symptomatic relief of CIPN often lack efficacy and/or
have unacceptable side-effects (Balayssac et al., 2005), a recent
5-week randomized, placebo-controlled clinical trial found that
oral duloxetine at 60 mg daily produced significant relief of CIPN
above placebo (Smith et al., 2013). Despite these promising find-
ings, there is nevertheless a large unmet medical need for novel,
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well-tolerated analgesic agents to improve relief of CIPN. In the
past decade, new insights on the mechanisms underpinning the
pathogenesis of CIPN (Balayssac et al., 2011) have been made pos-
sible by the advent of rodent models enabling new targets to be
identified for use in pain therapeutics discovery programs. Such
studies are discussed in the following sections of this review.

STRUCTURAL CHANGES IN PERIPHERAL NERVES
Cancer chemotherapy agents may differentially affect specific
peripheral nervous system (PNS) structures to produce neu-
ronopathy, axonopathy and/or myelinopathy that contribute to
the pathogenesis of painful CIPN (Ocean and Vahdat, 2004;
Balayssac et al., 2011) (Table 1 and Figure 1).

Cancer chemotherapy-induced peripheral nerve injury
appears to be due primarily to axonopathy (McDonald et al.,
2005; Persohn et al., 2005; Gilardini et al., 2012) that is seen
both in patients with CIPN (Cata et al., 2007; Burakgazi et al.,
2011) and in rodent models of CIPN (Cavaletti et al., 2007;
Boyette-Davis et al., 2011). Thus, peripheral nerve degeneration
or small fiber neuropathy is generally accepted as underpinning
the development of CIPN (Liu et al., 2010; Boyette-Davis et al.,
2011; Burakgazi et al., 2011; Wang et al., 2012).

THE LONGEST AXONS ARE THE FIRST AFFECTED
Peripheral nerves contain a variety of nerve fibers that differ in
their respective morphology, degree of myelination, function and
biochemical features (Gutiérrez-Gutiérrez et al., 2010). These var-
ious fiber types are differentially sensitive to the neurotoxic effects
of cancer chemotherapy agents with the longest nerves having
the greatest vulnerability (Wilkes, 2007; Gutiérrez-Gutiérrez et al.,
2010). This may be related to their higher metabolic requirements
(Chen and Chan, 2006; Mironov, 2007). Clinically, symptoms
develop initially in the feet and hands, followed by proximal
progression to the ankles and wrists in a “stocking and glove”
distribution (Lomonaco et al., 1992; Wolf et al., 2008).

MYLELINATED FIBERS ARE DAMAGED WITH/WITHOUT ALTERED
MYELIN STRUCTURE WHEREAS UNMYELINATED FIBERS ARE MOSTLY
UNAFFECTED
Myelin is a lipid- and protein-rich sheath that insulates axons
and facilitates faster conduction of nerve impulses compared with
unmyelinated axons (Gilardini et al., 2012). Although myelinated
fibers are damaged (Cata et al., 2006), perhaps even by preferen-
tial selection (Cavaletti et al., 1995; Dougherty et al., 2004), the
extent to which demyelination is a key pathobiological event in
CIPN is unclear. For example, using X-ray diffraction capable of
detecting even subtle changes in the myelin structure, there were
no structural alterations in the myelin sheath of the sciatic and
optic nerves in rat models of CIPN induced using cisplatin, pacli-
taxel or bortezomib (Gilardini et al., 2012). These findings mirror
the findings of earlier work that used fixed tissues (spinal cord and
DRGs) from rodents administered the same cancer chemother-
apy agents (Cavaletti et al., 1995) as well as from humans with
paclitaxel-induced CIPN (Postma et al., 1995). In patients with
bortezomib-induced CIPN, approximately 50% had pure small
fiber neuropathy whereas the remainder had mixed small and
large fiber involvement (Richardson et al., 2009).

In rat models of paclitaxel, cisplatin and bortezomib-induced
CIPN, there were no clear-cut changes in the structure of intern-
odal myelin (Gilardini et al., 2012). However, higher dosages of
bortezomib were associated with an increased risk of periph-
eral nerve degeneration and possibly demyelination in contrast to
lower dosages that nevertheless induced neuropathic pain behav-
iors (Zheng et al., 2012) (Table 1). In earlier work in patients
administered paclitaxel, sural nerve biopsy revealed severe nerve
fiber loss, axonal atrophy (with absence of axonal regeneration)
and secondary demyelination (Sahenk et al., 1994). These periph-
eral nerve changes argue more for ganglionopathy than axonopa-
thy as the most likely structural change in paclitaxel-induced
neurotoxicity (Sahenk et al., 1994).

SLOWING OF SNCV MAY NOT BE DUE TO DEMYELINATION OR
DEGENERATION OF PERIPHERAL NERVE AXONS
In CIPN, reduced sensory nerve conduction velocity (SNCV)
(Gilardini et al., 2012; Xiao et al., 2012), can only be attributed
reliably to myelinopathy if it is associated with preserved
nerve compound action potentials (Gilardini et al., 2012).
Unfortunately, the technical limitations of current neurophys-
iological methods do not allow the relative contributions of
demyelination and axonal degeneration on reduced SNCV in
CIPN to be assessed (Gilardini et al., 2012). In rats with docetaxel-
induced CIPN, reduced levels of myelin and mRNA encoding
myelin suggest that myelin is targeted in experimental peripheral
neuropathies (Roglio et al., 2009). These findings are consis-
tent with observations of taxane-induced axonal damage and
secondary demyelination (Sahenk et al., 1994; Quasthoff and
Hartung, 2002; Windebank and Grisold, 2008). The extent to
which individual anticancer agents or treatment combinations
induce differential structural changes in peripheral nerves, is cur-
rently unclear. This is a knowledge gap that requires systematic
investigation in rodent models for comparison with the changes
observed in skin biopsy specimens from patients with CIPN.

IENF LOSS WITHOUT DEGENERATION OF PERIPHERAL NERVE AXONS
AND ASSOCIATED WITH MITOCHONDRIAL DYSFUNCTION
Unmyelinated fibers and terminal nerve arbors are major sites of
cancer chemotherapy-induced neurotoxicity (Grisold et al., 2012)
such that intraepidermal nerve fiber (IENF) loss or terminal arbor
degeneration is proposed as a common lesion in various toxic
neuropathies (Bennett et al., 2011; Zheng et al., 2012).

In a rodent model of paclitaxel-induced CIPN, significant
IENF degeneration was not apparent by approximately 10 days
after initiation of the paclitaxel treatment regimen (2 mg/kg on
4 alternate days) with peak effects observed several days later
(Xiao et al., 2011). IENF degeneration and the development of
pain behavior appear to be linked as both have similar delays
to onset and peak effects (Xiao et al., 2011). Using electron
microscopy at the time of peak pain severity, there were no signs
of axonal degeneration in the saphenous nerve of these animals
at a level just below the knee joint (Flatters and Bennett, 2006).
Additionally, upregulation of activating transcription factor-3
(ATF-3) expression, a marker of axonal injury (Tsujino et al.,
2000), was not observed in the nuclei of afferent neurons (Flatters
and Bennett, 2006). Similar findings have been observed in rat
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Table 1 | Effects of clinically used cancer chemotherapy agents on peripheral nerve structure in rodent models of CIPN.

Chemotherapy agent Dosing regime Rodents PNS tissue examined Extent of peripheral nerve

damage

References

Bortezomib ip, 0.2 mg/kg, 5
consecutive days

Male SD rats Saphenous nerve
DRGs and IENFs

IENF decrease but no
degenerating axons
No DRG neurons with ATF-3
positive nuclei

Zheng et al.,
2012

iv, 0.08, 0.15, 0.2,
0.3 mg/kg, 2 or 3
times a week, 4
weeks

Female Wistar
rats

Sciatic nerves Mild to moderate pathological
changes involving predominantly
Schwann cells and myelin;
primarily characterized by myelin
sheath degeneration and axonal
degeneration. Unmyelinated
fibers were unaffected

Cavaletti et al.,
2007

iv, 0.2 mg/kg
×3/week, 4 weeks

Female Wistar
rats

Sciatic nerves
Optic nerves

No pathological changes in axons
and the surrounding myelin
sheath
Myelin degeneration in a limited
number of fibers, optic nerves
normal

Gilardini et al.,
2012

iv, 0.15/0.2 mg/kg ×
3/week, 8 weeks

Female Wistar
rats

Sciatic nerves
DRGs

Nerve fiber degeneration, loss of
axonal structures in the most
severe cases
No morphological alteration in
most DRG neurons and satellite
cells

Meregalli et al.,
2010

iv, 0.4/0.8 mg/kg ×
2/week, 4 weeks

Female BALB/c
mice

DRGs
Sciatic nerves

No pathological changes in DRGs
Axonal degeneration in sciatic
nerves at higher dose

Carozzi et al.,
2010a

sc, 0.8, 1 mg/kg ×
2/week or × 2/ week,
6 weeks

Swiss OFI
female mice

Sciatic and tibial
nerves
Plantar pads

Lower density of myelinated large
fibers and decreased fiber
diameter but no signs of
degeneration

Bruna et al.,
2010

Cisplatin ip, 1 mg/kg ×3 /week,
2 mg/kg × 2/ week,
3 mg/kg ×1/week,
5 weeks

Male SD rats Lumbar spinal cord
Sciatic nerve and paw
skin

Myelin sheath remains normal
Unmyelinated fibers were
unaffected

Authier et al.,
2003a

ip, 3 mg/kg every 3
days, 4 weeks

Male Wistar
rats

Sciatic nerves Degenerated myelinated axons
with altered myelin band and
altered unmyelinated axons;
axonal damage without
demyelination

Arrieta et al.,
2011

ip, 2/4 mg/kg ×
2/week, 4 weeks

Female BALB/c
mice
Wistar rats

DRGs
Sciatic nerves

No pathological changes in the
DRGs
Mild pathological changes at
higher dosage regimen in sciatic
nerves

Carozzi et al.,
2010a; Gilardini
et al., 2012

ip, 2 mg/kg, 2/week in
4.5 weeks

Male Wistar
rats

Sciatic nerves Focal areas of demyelination and
degeneration

Al Moundhri
et al., 2013

Oxaliplatin ip, 2 mg/kg, 5
consecutive days

Male SD rats Saphenous nerves and
IENFs

Oxaliplatin evoked SNCV slowing
occurred in the absence of
demyelination or degeneration of
peripheral nerve axons

Xiao et al., 2012

(Continued)
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Table 1 | Continued

Chemotherapy agent Dosing regime Rodents PNS tissue examined Extent of peripheral nerve

damage

References

ip, 2 mg/kg, 4
alternate days

Male SD rats Nerve fibers Significantly fewer IENFs Boyette-Davis
and Dougherty,
2011

ip, 4 mg/kg, 2/week in
4.5 weeks

Male Wistar
rats

Sciatic nerves Focal areas of demyelination and
degeneration

Al Moundhri
et al., 2013

ip, 3, 6 or 12 mg/kg,
single

Male SD
rats

Lumbar spinal cord No difference in immunoreactivity
for CGRP but substance P was
significant higher than for vehicle
control group (12 vs. 5%)

Ling et al., 2007

Vincristine iv, 50, 100 and
150 μg/kg, every
second day, up to five
injections

Male SD
rats

Paw skin Myelin sheaths remained
unaffected

Authier et al.,
2003b

ip, 0.2 mg/kg
×1/week, 5 weeks,
0.1 mg/kg and
increase by
0.05 mg/kg each
week, 5 weeks

Male rats Sciatic nerve Reduction in action potential
amplitude associated with axonal
degeneration with or without
minor changes of segmental
demyelination

Ja’afer et al.,
2006

Paclitaxel ip, single 32 mg/kg Male SD rats Lumbar spinal cord,
Sciatic nerve and paw
skin

Axonal degenerative changes
while Schwann cells and myelin
sheaths remained normal

Authier et al.,
2000b

ip, 0.5, 1, 2, 6 or
8 mg/kg,
4 alternate days

Male SD rats DRGs
Sciatic nerves

No degeneration, no DRG
neurons with ATF-3 positive nuclei
No degeneration of myelinated or
unmyelinated axons

Polomano et al.,
2001; Flatters
and Bennett,
2006; Bennett
et al., 2011

iv, 18 mg/kg, D0 and
D3

Male SD rats DRGs
Sciatic nerve

ATF-3 upregulation Peters et al.,
2007

ip, 8 mg/kg × 2/week,
4 weeks

Male Wistar
rats

Sciatic nerves Axonal damage without
demyelination

Arrieta et al.,
2011

ip, 16mg/kg × 1/week,
4 weeks
iv, 5, 10, 12.5 mg/kg ×
1/week, 4 weeks

Female Wistar
rats

Axons
(sciatic nerve)

Most myelinated fibers have
normal histology, some fibers
show axonal degeneration

Persohn et al.,
2005

ip, 12.5 mg/kg ×
1/week,
9 weeks

Female Wistar
rats

DRGs Increased immunohistochemical
staining for ATF-3

Jamieson et al.,
2007

iv, 10 mg/kg × 1/week,
4 weeks

Female Wistar
rats

Sciatic nerves
Optic nerves

No pathological changes in axons
and surrounding myelin sheath

Gilardini et al.,
2012

iv, 18 mg/kg, twice,
every 3 days

Male SD rats Trigeminal ganglia
DRGs

Increased immunohistochemical
staining for ATF-3

Jimenez-
Andrade et al.,
2006

ip, 4.5 mg/kg,
25 mg/kg, or 60 mg/kg

Female
C57BL/6
mice

Sciatic nerves Macrophage-mediated
demyelination, axons completely
stripped of their myelin sheaths
and surrounded by the cytoplasm
of debris-filled phagocytes in
some cases

Mo et al., 2012

(Continued)
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Table 1 | Continued

Chemotherapy agent Dosing regime Rodents PNS tissue examined Extent of peripheral nerve

damage

References

ip, 8 or 16 mg/kg ×
1/week,
5 weeks

Female Wistar
rats

Sciatic/peroneal
nerves and DRGs

Decrease in number of large
myelinated fibers, but not due to
a reduction in myelin thickness,
mild axonal loss with minimal
demyelination

Cavaletti et al.,
1995

iv, 50.70 mg/kg, ×
1/week,
4 weeks

Female BALB/c
mice

DRGs
Sciatic nerves

No pathological changes Carozzi et al.,
2010a

ip, 30 mg/kg once or
several times at
different intervals

BDF1 mice Dorsal funiculus
Dorsal spinal roots
Peripheral nerves

Nerve fiber degeneration
characterized by axonal and
myelin fragmentations and
phagocytosis

Mimura et al.,
2000

ATF, activating transcription factor; CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglia; IENFs, intraepidermal nerve fibers; iv, intravenous injection; ip,

intraperitoneal injection; sc, subcutaneous; SD, Sprague-Dawley; SNCV, sensory nerve conduction velocity.

FIGURE 1 | CIPN pathogenesis and associated morphologic changes. The
neurotoxic effects of cancer chemotherapy agents adversely affect multiple
components of the peripheral nervous system (PNS) including axons and cell
bodies of dorsal root ganglion (DRG) neurons to cause axonal damage (IENF
loss/terminal arbor degeneration), mitochondrial damage and oxidative stress
probably associated with inflammation. DRG neurons and their surrounding
satellite cells show pathological changes including alterations in levels of
expression of multiple ion channels (Xiao et al., 2007; Anand et al., 2010; Kaur
et al., 2010; Descoeur et al., 2011), neurotransmitters (Tatsushima et al.,

2011), and their receptors (Carozzi et al., 2010b; Mihara et al., 2011), as well
as altered gene expression (Alaedini et al., 2008). Mitochondrial dysfunction
and IENF loss appear to be important pathobiological features of CIPN that
are correlated directly with pain behaviors in rodent models (Flatters and
Bennett, 2006; Zheng et al., 2012). Indeed, direct mitochondrial DNA
(mtDNA) damage contributes to cisplatin-induced CIPN (Podratz et al., 2011).
Myelinated fibers are damaged (Cata et al., 2006) possibly by preferential
selection (Dougherty et al., 2004) but the extent to which demyelination is a
key pathobiological event is currently unclear.

models of vincristine, oxaliplatin and bortezomib-induced CIPN
such that neuropathic pain behaviors were associated with IENF
degeneration in the absence of peripheral nerve axonal degenera-
tion (Aley et al., 1996; Tanner et al., 1998; Topp et al., 2000; Siau
and Bennett, 2006; Bennett et al., 2011).

Clinically, there is IENF loss in patients with CIPN (Boyette-
Davis et al., 2011; Giannoccaro et al., 2011) despite these indi-
viduals having normal peripheral nerve axon counts (Holland
et al., 1998; Herrmann et al., 1999) and normal nerve conduction
results (Periquet et al., 1999; Devigili et al., 2008; Løseth et al.,
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2008). This led Holland et al. (1998) to coin the term “termi-
nal axonopathy” that is akin to the more recently promulgated
“terminal arbor degeneration” concept (Bennett et al., 2011). In
patients, an increase in the swelling ratio of IENFs appeared to
be predictive of a decrease in IENF density and this was corre-
lated with the severity of painful neuropathy induced in the feet
by paclitaxel (CIPN), diabetes, AIDS, and idiopathic neuropathy
(Schmidt et al., 1997; Lauria et al., 2003). However, adminis-
tration of much larger doses of cancer chemotherapy agents in
rats, such as paclitaxel either as a single bolus (12.5–32 mg/kg)
(Authier et al., 2000b; Jamieson et al., 2007) or as cumulative
doses (8 and 16 mg/kg once-weekly for 5 weeks) (Cavaletti et al.,
1995) or bortezomib at 2.4–4.8 mg/kg (Cavaletti et al., 2007;
Meregalli et al., 2010; Gilardini et al., 2012), resulted in degen-
eration of peripheral nerve axons and DRG neurons, together
with ATF-3 up-regulation in DRG neurons (Jamieson et al., 2007;
Peters et al., 2007). Thus, the extent to which peripheral nerve
axons are damaged by chemotherapy agents appear to be directly
related to the dosing regimen (Table 1).

Comparatively high concentrations of paclitaxel are found in
the DRGs relative to peripheral nerve and spinal cord (Herrmann
et al., 1999), that may be underpinned by the fact that the subepi-
dermal axon bundles in peripheral nerves lack a perineurium (a
component of the blood-nerve barrier). Additionally, anterograde
transport of paclitaxel from sensory neuron cell bodies to the
IENFs would take time for toxic levels to be reached in the termi-
nal arbors (Bennett et al., 2011). Such a lag period may potentially
explain the coasting effect, i.e., the delay between treatment ces-
sation relative to the loss of IENFs and the appearance of pain
hypersensitivity (Bennett et al., 2011).

IENF degeneration and abnormal spontaneous discharge of
primary afferent nerve fibers in rat models of CIPN may
be underpinned by mitochondrial dysfunction and consequent
energy deficiency (Boyette-Davis and Dougherty, 2011; Xiao
et al., 2012; Zheng et al., 2012). Mitochondria are concen-
trated in regions of high metabolic demand (Chen and Chan,
2006; Mironov, 2007) such as sensory terminal boutons that are
packed with mitochondria (Breathnach, 1977; Ribeiro-Da-Silva
et al., 1991; Bennett et al., 2011). The high energy requirement
of the intraepidermal terminal arbor is thought to be due, at
least in part, to the constant degeneration and regeneration (re-
modeling) of the arbor in its ever changing microenvironment
(Bennett et al., 2011). This is because the epidermis is in a con-
tinuous state of renewal with a total epidermal turnover time of
approximately 45 days in humans (Bergstresser and Taylor, 1977).

MITOCHONDRIAL DYSFUNCTION AND OXIDATIVE STRESS
Mitochondria are the energy-generating structures in cells with
their dysfunction implicated in the pathogenesis of cancer and
a range of neurodegenerative diseases (Florea and Büsselberg,
2011). Abnormalities in mitochondrial structure and func-
tion in peripheral sensory nerve fibers are postulated as key
CIPN mechanisms and appear to be correlated directly with
pain behavior (Flatters and Bennett, 2006; Zheng et al., 2012).
In multiple myeloma patients administered cycles of borte-
zomib in combination with dexamethasone, bortezomib toxic-
ity on mitochondria resulted in impairment of the electrogenic

Na+-K+-ATPase-dependent pump resulting in axonal mem-
brane depolarization that preceded axonal degeneration (Nasu
et al., 2013). In patients with vincristine and bortezomib-
induced CIPN, there were significant changes in the expression
of genes involved in the control of mitochondrial function in
myeloma plasma cells and peripheral blood (Broyl et al., 2010).
Interestingly, exposure of cultured DRG neurons to cisplatin
and paclitaxel in vitro induced mitochondrial damage that was
reversed by pretreatment with the antioxidant, α-lipoic acid
(Melli et al., 2008). Additionally, the development of CIPN
in rodent models (Table 2) and patients (Table 3) can be pre-
vented by treatment with drugs that enhance mitochondrial
function. Conversely, as mitochondrial poisons exacerbate neu-
ropathic pain behaviors in rodent models of CIPN (Xiao and
Bennett, 2012), CIPN appears to be linked to mitotoxicity
(Figure 1).

MITOTOXICITY
Direct mitochondrial DNA (mtDNA) damage
Cisplatin forms adducts with mitochondrial DNA resulting in
direct mitochondrial DNA (mtDNA) damage that is a novel
mechanism for cisplatin-induced CIPN and is distinct from
the established nuclear DNA (nDNA) damage pathway (Podratz
et al., 2011). DRG neurons accumulate high levels of cisplatin-
DNA adducts both in vitro and in vivo (McDonald et al., 2005;
Ta et al., 2006) such that the cisplatin concentration in the PNS is
comparable with that in tumor tissue (Gregg et al., 1992; Screnci
and McKeage, 1999; Melli et al., 2008).

Cisplatin-DNA adducts can be removed and DNA repaired
by the nucleotide excision repair (NER) system that is present
in nDNA (McDonald et al., 2005; Podratz et al., 2011), in con-
trast to mtDNA where the NER system is absent (Croteau et al.,
1999). Hence, cisplatin-mtDNA adducts inhibit mtDNA replica-
tion and mtRNA transcription to cause mitochondrial degrada-
tion (Podratz et al., 2011) in DRG neurons.

Increased mitochondrial swelling and vacuolation in peripheral
nerve axons
In rat models of paclitaxel, oxaliplatin and bortezomib-induced
CIPN, the number of swollen and vacuolated mitochondria in
the axons of A- and C-primary afferent sensory nerve fibers
was significantly higher (37.3 and 152%, respectively) than for
vehicle-treated control rats (Xiao et al., 2011, 2012; Zheng
et al., 2012). These changes resulted in mitochondrial dys-
function characterized by significant deficits in mitochondrial
respiration and ATP production that were rescued by prophy-
lactic treatment with acetyl-L-carnitine. The latter is an acety-
lated derivative of the natural amino acid, L-carnitine, that
has an essential role in the transport of long-chain free fatty
acids into mitochondria (Zheng et al., 2011, 2012). Interestingly,
there was a relative sparing of mitochondria in the correspond-
ing peripheral nerve Schwann cells (Flatters and Bennett, 2006;
Zheng et al., 2011, 2012; Xiao and Bennett, 2012; Xiao et al.,
2012).

In DRG satellite cells, bortezomib induced intracytoplasmic
vacuolation characterized by damage to mitochondria and the
endoplasmic reticulum (Cavaletti et al., 2007). These changes
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Table 2 | Summary of pharmacological agents that enhance mitochondrial function as well as prevent and/or alleviate CIPN in rodent models.

Pharmacological agent Rodent model Efficacy outcome Dose and route References

Acetyl-L-carnitine (antioxidant) Paclitaxel + (intervention) 100 mg/kg, p.o. Daily ×10 Flatters et al., 2006

Paclitaxel +(prophylactic) 50 and 100 mg/kg, p.o. Daily ×21 Flatters et al., 2006

Paclitaxel + (prophylactic and intervention) 100 mg/kg, s.c. Daily Ghirardi et al., 2005

Vincristine + (prophylactic and intervention) 100 mg/kg, s.c. Daily Ghirardi et al., 2005

Cisplatin + (prophylactic and intervention) 100 mg/kg, s.c. Daily Ghirardi et al., 2005

Oxaliplatin + (prophylactic and intervention) 100 mg/kg, s.c. Daily Orlando et al., 2005

Oxaliplatin + (prophylactic) 100 mg/ml/kg, p.o. Daily Xiao et al., 2012

Olesoxime Paclitaxel + (prophylactic) 3 or 30 mg/kg, p.o. Daily Xiao et al., 2009

Oxaliplatin + (prophylactic) 30 mg/ml/kg, p.o. Daily Xiao et al., 2012

Silibinin(antioxidant) Oxaliplatin + (prophylactic) 100 mg/kg, p.o. Daily Di Cesare Mannelli et al., 2012

Allopregnanolone Oxaliplatin + (prophylactic and intervention) 2 or 4 mg/kg, Every 2 or 4 days Meyer et al., 2011

p.o., per os; s.c., subcutaneous.

Table 3 | Clinical trial evidence for the role antioxidants in the relief of CIPN.

Medications Patients involved Chemotherapy agent Trial Efficacy Weather interfere

with anticancer

efficacy

References

α-Lipoic acid
(Treatment)

14 Docetaxel and isplatin Randomised Yes – Gedlicka et al., 2003

15 Oxaliplatin – Yes – Gedlicka et al., 2002

Acetyl-L-carnitine
(Treatment)

25 Cisplatin and/or Paclitaxel – Yes – Bianchi et al., 2005

27 Cisplatin and/or Paclitaxel – Yes – Maestri et al., 2005

409 Taxane-based RCT No; pain
worsened

– Hershman et al.,
2013

Glutathione
(Prevention)

31 Cisplatin Randomized Yes No Colombo et al., 1995

151 Cisplatin – Yes – Smyth et al., 1997

27 Oxaliplatin/5-fluorouracil/
leucovorin (FOLFOX)

Randomized Yes No Milla et al., 2009

52 Oxaliplatin-based RCT Yes – Cascinu et al., 2002

Amifostine
(Prevention)

92 Oxaliplatin (FOLFOX4) Randomized Yes No Lu et al., 2008

187 Paclitaxel and Carboplatin Randomized yes – Lorusso et al., 2003

27 Cisplatin and Paclitaxel – Not really – Moore et al., 2003

38 Paclitaxel and Carboplatin Randomized Yes – Kanat et al., 2003

72 Paclitaxel and
Carboplatin-based

RCT Yes ± Hilpert et al., 2005

Org 2766
(Prevention)

196 Cisplatin and
cyclophosphamide

– No – Roberts et al., 1997

55 Cisplatin and
cyclophosphamide

RCT Yes No van et al., 1990

N-acetylcysteine
(Prevention)

14 Cisplatin-based Randomized
placebo
controlled

Yes – Lin et al., 2006

RCT, Randomized, Double-Blind, Placebo-Controlled Trial.
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appear to be underpinned by activation of the mitochondrial-
based apoptotic pathway including caspase activation (Broyl et al.,
2010; Lee et al., 2012) as well as dysregulation of calcium home-
ostasis (Landowski et al., 2005). Paclitaxel-induced mitochondrial
damage was confined to the axons of primary afferent sensory
with sparing of motor neurons (Xiao et al., 2011). The high and
persistent exposure of primary sensory neuron cell bodies in the
DRGs to paclitaxel may contribute to this selective effect (Xiao
et al., 2011).

Opening of the mPTP and dysregulation of calcium homoeostasis
Paclitaxel opens the mitochondrial permeability transition pore
(mPTP), a multi-molecular complex containing a voltage-
dependent anion channel that induces mitochondrial calcium
release (Kidd et al., 2002; Flatters and Bennett, 2006). Acetyl-
L-carnitine can prevent mPTP opening (Pastorino et al., 1993)
and is associated with a reduction in paclitaxel, oxaliplatin and
bortezomib-induced CIPN when administered prophylactically
in rodents (Jin et al., 2008; Bujalska and Makulska-Nowak, 2009;
Carozzi et al., 2010b; Xiao et al., 2012; Zheng et al., 2012).

Mitochondria have a large calcium buffering capacity and so
impaired calcium uptake or increased calcium leakage from mito-
chondrial stores may have a pathological role in CIPN (Jaggi and
Singh, 2012). This notion is supported by the fact that vincristine-
induced neurotoxicity in rats was reversed by drugs that reduce
elevated intra-neuronal calcium concentrations (Muthuraman
et al., 2008; Kaur et al., 2010). In other work, increased expres-
sion levels of the α2δ subunit of voltage-gated Ca2+ channels in
the DRGs were correlated with the development of mechanical
allodynia (Luo et al., 2001). Conversely, drugs that bind to the
α2δ subunit such as gabapentin (Flatters and Bennett, 2004; Xiao
et al., 2007) and pregabalin (Saif et al., 2010; Nakashima et al.,
2012; Peng et al., 2012), as well as the L-type calcium channel
blocker, lercanidipine (Saha et al., 2012), showed efficacy for pre-
vention of CIPN in rodent models and patients (Nguyen and
Lawrence, 2004; Saif et al., 2010; Nakashima et al., 2012).

A retrospective review of 69 patients administered oxali-
platin concluded that calcium channel blockers reduce
CIPN (Tatsushima et al., 2013). Although intravenous
Ca2+/Mg2+infusions reportedly attenuate the development
of oxaliplatin-induced CIPN without compromising cancer
treatment efficacy (Wolf et al., 2008; Kurniali et al., 2010; Wen
et al., 2013), there are lingering concerns regarding a negative
effect on cancer chemotherapy treatment efficacy. Hence, this
needs to be evaluated for each class of cancer chemotherapy agent
(Kurniali et al., 2010).

OXIDATIVE STRESS
In a rat model of oxaliplatin-induced neuropathy, markers of
oxidative stress including lipid peroxidation, carbonylated pro-
teins, and DNA oxidation increased in the systemic circulation,
the sciatic nerve and the lumbar spinal cord (Di Cesare Mannelli
et al., 2012), with these changes prevented by antioxidant treat-
ment (Di Cesare Mannelli et al., 2012; Nasu et al., 2013). Similarly,
production of reactive oxygen species (ROS) was increased by
cisplatin (Florea and Büsselberg, 2011), and bortezomib (Wang
et al., 2011). In patients receiving docetaxel for the treatment of

cancer, the occurrence of grade ≥2 CIPN was more frequent in
individuals homozygous for GSTP1 105Ile allele, that encodes glu-
tathione S-transferase pi 1 (GSTP1), an enzyme involved in the
regulation of oxidative stress (Mir et al., 2009).

A role for oxidative stress in the pathobiology of CIPN is
supported by multiple in vitro and in vivo studies showing
that antioxidants have neuroprotective effects in CIPN (Table 2).
In particular, the non-specific ROS scavenger, phenyl N-tert-
butylnitrone (PBN), administered according to an intervention
protocol in rats administered paclitaxel, attenuated develop-
ment of mechanical (Kim et al., 2010) and cold hypersensi-
tivity in the hindpaws (Fidanboylu et al., 2011). Conversely,
for rats administered auranofin, a compound that increased
oxidative stress, oxaliplatin and paclitaxel-induced neuropathic
pain behaviors were exacerbated (Xiao and Bennett, 2012).
Furthermore, as the superoxide-specific scavenger, TEMPOL
(4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) neither allevi-
ated established paclitaxel-induced CIPN nor prevented its devel-
opment in rodents, ROS but not superoxide radicals alone, are
implicated in CIPN pathogenesis (Fidanboylu et al., 2011).

Although a benefit of antioxidants for the treatment and/or
prevention of CIPN has been shown in multiple clinical stud-
ies (Table 3), most did not report on their impact on anticancer
efficacy, and so this is a knowledge gap.

Increased spinal dorsal horn levels of peroxynitrite in rats
with paclitaxel-induced CIPN (Doyle et al., 2012) implicate a
role for reactive nitrogen species (RNS) in CIPN pathogenesis
(Kamei et al., 2005; Mihara et al., 2011). Augmented peroxyni-
trite production may occur via two mechanisms with the first
involving activation of nitric oxide synthase and NADPH oxi-
dase to induce formation of the peroxynitrite precursors, NO and
SO (Doyle et al., 2012). The second involves inactivation of the
enzyme (manganese superoxide dismutase) that catalyzes perox-
ynitrite degradation (Doyle et al., 2012). This latter mechanism is
supported by observations that peroxynitrite decomposition cat-
alysts (FeTMPyP5+ and MnTE-2-PyP5+) prevented development
of neuropathic pain behaviors in rat models of paclitaxel, oxali-
platin and bortezomib-induced CIPN (Doyle et al., 2012; Janes
et al., 2013).

CIPN-induced nitro-oxidative stress results in increased pro-
duction of proinflammatory cytokines (TNF-α and IL-1β),
reduced production of anti-inflammatory cytokines (IL-10 and
IL-4), as well as post-translational nitration of glutamate trans-
porters and glutamine synthetase in astrocytes, the net result
of which is enhanced pro-nociceptive glutamatergic signaling
(Doyle et al., 2012). Treatment strategies that shift the balance
in favor of anti-inflammatory cytokines have potential for slow-
ing the development and progression of peripheral neuropathy in
patients receiving cancer chemotherapy drugs (Wang et al., 2012).

LOSS OF HEAT SENSITIVITY IN CIPN
DIVERSE RESULTS OF HEAT SENSITIVITY IN CIPN
Primary afferent nerve fibers affected by cancer chemotherapy
drug treatment regimens often exhibit both positive and negative
sensory phenomena resulting in altered nociceptive thresholds
(Nahman-Averbuch et al., 2011). Increased nociceptive thresh-
olds may develop due to nerve fiber loss whereas reduced
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nociceptive thresholds may develop as a result of peripheral and
central sensitization (Nahman-Averbuch et al., 2011).

In general, there is heat hypoalgesia or a loss of heat sensi-
tivity in patients with CIPN (Dougherty et al., 2004; Cata et al.,
2006; Attal et al., 2009; Nahman-Averbuch et al., 2011) as well as
in most rodent models of this condition (Authier et al., 2000a,
2003a; Fischer et al., 2001; Cata et al., 2006, 2008; Garcia et al.,
2008; Hori et al., 2010; Xiao et al., 2012; Zheng et al., 2012).
Additionally, cold allodynia is a characteristic symptom of painful
CIPN in patients (Cata et al., 2006) as well as in rodent models
(Authier et al., 2003a,b; Cata et al., 2006; Xiao et al., 2012).

LOSS OF HEAT SENSITIVITY MAY RESULT FROM
SENSITIZATION/DESENSITIZATION OF TRPV1
Loss of heat sensibility may be due to myelinated A-fiber damage
and loss of transient receptor potential vanilloid 1 (TRPV1)-
expression (Woodbury et al., 2004) C-fibers (Dougherty et al.,
2004).

A small increase in ROS production activates transcriptional
machinery to enhance TRPV1 expression levels in C-fibers
(Suzukawa et al., 2000; Kishi et al., 2002; Schmeichel et al., 2003).
Additionally, nerve growth factor (NGF) facilitates increased
TRPV1 expression by nociceptive C-fibers and directly increases
the number of neurons that respond to noxious heat (Stucky and
Lewin, 1999; Amaya et al., 2004). Enhanced thermal sensitivity
results from sensitization (phosphorylation) of TRPV1, trans-
duced by protein kinase C (PKC) (Kamei et al., 2001; Di Marzo
et al., 2002; Hong and Wiley, 2005) and/or mitogen-activated
protein kinases (MAPK) (Ji et al., 2002; Clapham, 2003). In the
DRGs and hindpaw skin of hyperalgesic and hypoalgesic mice,
TRPV1 expression levels are increased and decreased, respectively
(Pabbidi et al., 2008). Thermal hypoalgesia may be underpinned
by reduced TRPV1 expression and function, that in turn may lead
to more serious complications (Pabbidi et al., 2008).

Other TRP channels implicated in the pathogenesis of CIPN
include TRPA1 that is expressed by nociceptors and is acti-
vated by oxidative stress. The transient benefit of the TRPA1
antagonist HC-030031 in mice with bortezomib or oxaliplatin-
induced CIPN, suggests a role for early activation/sensitization
of TRPA1 by oxidative stress by-products in establishment of
CIPN (Trevisan et al., 2013). Additionally, TRPV4 may con-
tribute to paclitaxel-induced mechanical hypersensitivity in CIPN
(Alessandri-Haber et al., 2004), whereas TRPA1 and TRPM8
over-expression were induced in the DRGs by oxaliplatin (Anand
et al., 2010; Descoeur et al., 2011). Cisplatin and oxaliplatin-
induced neurotoxicity of DRG neurons in rats results in p38
MAPK and ERK1/2 activation as well as a reduction in JNK/Sapk
phosphorylation (Scuteri et al., 2009, 2010). Apart from the fore-
going, a broad array of other molecular mechanisms have been
implicated in the pathobiology of CIPN and these have been
reviewed elsewhere (Jaggi and Singh, 2012; Wang et al., 2012) and
are summarized in Table 4.

BETWEEN CANCER CHEMOTHERAPY AGENT DIFFERENCES
IN THE PATHOBIOLOGY OF CIPN
CIPN affects sensory nerves predominantly; while motor, auto-
nomic or CNS (Schlegel, 2011) involvement is rare (Grisold

et al., 2012). Sensory nerves allow the perception of touch, pain,
temperature (small fiber); position, and vibration (large fiber)
(Wilkes, 2007). The persistent cumulative injury caused by cancer
chemotherapy agents most often affects sensory nerve cell bod-
ies in the DRGs (e.g., cisplatin) and/or the afferent and efferent
axons lying outside the spinal cord (e.g., paclitaxel, oxaliplatin)
(Quasthoff and Hartung, 2002).

It is generally assumed that platinum compounds irreversibly
bind to DNA thereby inducing apoptosis of primary sensory
neurons (Velasco and Bruna, 2010). Antitubulins (paclitaxel, doc-
etaxel and vincristine) bind to microtubules, interrupt axonal
transport, target the soma of sensory neurons as well as nerve
axons, to induce neuronal death (Bennett, 2010; Cavaletti and
Marmiroli, 2010; Velasco and Bruna, 2010). In cultured rat DRG
neurons, paclitaxel increased the release of the pro-nociceptive
neuropeptide, substance P, whereas oxaliplatin did not; the extent
to which this difference contributes to differences in paclitaxel
and oxaliplatin-induced peripheral nerve neurotoxicity, remains
to be determined (Tatsushima et al., 2011). In patients with CIPN,
sensory testing shows that peripheral nerve abnormalities appear
to have distinct features depending upon the cancer chemothera-
peutic agent involved (Cata et al., 2006), but the mechanistic basis
remains unclear (Gilchrist, 2012).

Conversely, it is also likely that one or more pathobiologic
mechanisms are shared among anticancer agents (Dougherty
et al., 2004; Grisold et al., 2012; Zheng et al., 2012). For example,
nerve biopsies from rodents and patients administered cisplatin
(Dougherty et al., 2004), paclitaxel, oxaliplatin, vincristine, and
bortezomib show similar morphological changes (loss of IENFs)
even though these compounds have different neurotoxic targets
(Flatters and Bennett, 2006; Bennett et al., 2011; Boyette-Davis
et al., 2011; Burakgazi et al., 2011; Pachman et al., 2011; Xiao et al.,
2012; Zheng et al., 2012). Additionally, mitotoxicity appears to be
a factor in common in the pathobiology of CIPN induced by the
taxane, paclitaxel, the platinum-complex agent, oxaliplatin, and
the proteasome-inhibitor, bortezomib, in rodent models (Zheng
et al., 2011, 2012; Xiao et al., 2012).

Although CIPN may share mediators in common with
other types of neuropathic pain, the disparity in efficacy of
anti-neuropathic agents suggests underlying mechanistic differ-
ences (Farquhar-Smith, 2011). For example, NGF deficiency
in peripheral nerves is a phenomenon in common between
cisplatin-induced CIPN (Cavaletti et al., 2002) and early diabetic
neuropathy (Anand, 2004). Hypersensitivity to heat is common
in the CCI-rat model of neuropathic pain, but it is very minor
or absent in rat models of CIPN (Bennett, 2010) and in patients
with either CIPN (Dougherty et al., 2004; Hershman et al., 2011)
or diabetic neuropathy (Sorensen et al., 2006; Nahman-Averbuch
et al., 2011). Such dissociations indicate that the pathophysio-
logical mechanisms responsible for peripheral nerve injury and
neuropathic pain are at least in part dependent upon the cause of
the nerve injury (Bennett, 2010).

CONCLUSION
CIPN is characterized by multiple sensory changes including the
development of (i) mechanical allodynia, whereby light pres-
sure or touch that would normally be perceived as innocuous,
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Table 4 | Molecular mechanisms implicated in the pathogenesis of CIPN.

Chemotherapy agents Rodent CIPN models and

human studies

Mechanism References

Cisplatin
Oxaliplatin

Male C57BL6 mice
Female Wistar
rats-cultured DRGs

Up-regulation of TRPV1, TRPA1
and TRPM8
TRPM8 and/or TRPA1
over-expression; respond to cold
allodynia

Anand et al., 2010; Ta et al.,
2010;
Descoeur et al., 2011;
Goswami, 2012

Cisplatin
Oxaliplatin

Male SD rats Activation of p38 MAPK and
ERK1/2, along with
downregulation of SAPK/JNK in
cultured DRGs

Scuteri et al., 2010

Vincristine
Paclitaxel

Male SD rats Calcium increase either by influx
of extracellular Ca2+or release
from mitochondrial intracellular
stores, binding to α2δ subunit of
Ca2+ channel; decreased calcium
flux

Xiao et al., 2007; Kaur et al.,
2010

Paclitaxel Human neuroblastoma cell
line, SHSY-5Y

Activation of calpain, degradation
of neuronal calcium sensor
(NCS-1), and loss of intracellular
calcium signaling

Benbow et al., 2012

Paclitaxel
Vincristine
Cisplatin
Oxaliplatin
Bortezomib

Female/male Wistar rats
Male SD rats

NMDA receptor antagonists
antagonize CIPN in prevention but
not intervention protocol or only
at high doses

Pascual et al., 2010; Mihara
et al., 2011

Oxaliplatin
Cisplatin
Vincristine

Male mice- C57BL6J
Male SD rats

DNA damage Brederson et al., 2012; Ta
et al., 2013

Oxaliplatin Male SD rats Increase in PKC activity in
supra-spinal regions

Norcini et al., 2009

Paclitaxel but Not Oxaliplatin Male SD rats- cultured
DRG

Increased release of substance P
and altered CGRP and
somatostatin release

Tatsushima et al., 2011

Cisplatin
Paclitaxel

Female patients
Female Wistar rats

Decrease in NGF levels by Total
Neuropathy
Score (TNS) in patient and in rat
plasma samples

Cavaletti et al., 2002, 2004

Oxaliplatin Patients
Rats

Dysfunction of axonal Na+
channels
Dysfunction of axonal K+channels

Park et al., 2011;
Kagiava et al., 2013

Vincristine Female Inbred C57BL mice Increase in 5-HT2A receptors in
dorsal horn and DRGs

Hansen et al., 2011

Paclitaxel Male C57BL/6 mice Antagonists of Kinin B1 and B2
receptors attenuate CIPN

Costa et al., 2011

Cisplatin
Paclitaxel

Male SD rats Activation of cannabinoid CB2
receptors

Deng et al., 2012

Paclitaxel Female WT and �
1-KO

CD-1mice
Antagonists of the sigma-1
receptor attenuate CIPN

Nieto et al., 2012

(Continued)
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Table 4 | Continued

Chemotherapy agents Rodent CIPN models and

human studies

Mechanism References

Oxaliplatin Patients Integrin beta-3 L33P is related
to CIPN severity but not the
development of CIPN

Antonacopoulou et al., 2010

Paclitaxel
Cisplatin

Male SD rats Inflammation Alaedini et al., 2008; Wang
et al., 2012

Taxol
Oxaliplatin

Balb/c mice Increased glial fibrillary acidic
protein expression in satellite
glial cells, and gap
junction-mediated coupling
between satellite glial cells

Warwick and Hanani, 2013

Oxaliplatin Male SD rats Activation of spinal astrocytes
accompanied by increased
expression of
astrocyte-astrocyte gap
junction connections via Cx43

Yoon et al., 2013

Activation of drug transporters
(nervous system transporters
including glutamate, copper
transporters, etc.)

Ceresa and Cavaletti, 2011

Patient’s genetic background Windebank and Grisold, 2008;
Broyl et al., 2010; Grisold
et al., 2012

CGRP, Calcitonin gene related peptide; IENFs, intraepidermal nerve fibers; MAPK, mitogen activated protein kinase; NMDA (N-methyl-D-aspartate) receptors; TRPV,

transient receptor potential vanilloid.

evokes pain, (ii) cold allodynia whereby cold temperature evokes
a painful sensation, (iii) slowing of SNCV, and (iv) loss of heat
sensitivity.

Although the precise pathobiology of CIPN remains to be fully
elucidated, recent research implicates “terminal arbor degenera-
tion” (Bennett et al., 2011) and the associated mitochondrial dys-
function and mitotoxicity (Podratz et al., 2011; Zheng et al., 2012)
as well as oxidative stress (Nasu et al., 2013). Additional investi-
gation is required to better define subtle between-chemotherapy
agent differences in the pathogenesis of CIPN as a means for
enhancing rational discovery of novel treatments with potential
to prevent and/or attenuate the development of CIPN.
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Glucocorticoids (GC) are the most commonly prescribed medications for patients with
inflammatory diseases, despite their well-known adverse metabolic effects. Previously, it
was understood that the anti-inflammatory effects of the GC/GC receptor (GR) complex
were mediated via transrepression, whilst the adverse metabolic effects were mediated
via transactivation. It has recently become clear that this “divergent actions” paradigm
of GC actions is likely insufficient. It has been reported that the GC/GR-mediated
transactivation also contributes to the anti-inflammatory actions of GC, via up-regulation
of key anti-inflammatory proteins. One of these is glucocorticoid-induced leucine zipper
(GILZ), which inhibits inflammatory responses in a number of important immune cell
lineages in vitro, as well as in animal models of inflammatory diseases in vivo. This review
aims to compare the GILZ and GC effects on specific cell lineages and animal models of
inflammatory diseases. The fact that the actions of GILZ permit a GILZ-based gene therapy
to lack GC-like adverse effects presents the potential for development of new strategies
to treat patients with inflammatory diseases.

Keywords: glucocorticoids, GILZ, inflammation, anti-inflammation, immune response, cell biology

INTRODUCTION
Glucocorticoids (GC) remain the most common prescription
to treat patients with immune-mediated inflammatory diseases,
despite their well-known side effects. The efficacy of GCs is under-
pinned by GC effects on intracellular pathways mediated via
forming a complex with the glucocorticoid receptor (GR). The
effects of the GC/GR complex depend on a combination of several
effects. These include (i) transrepression, whereby the GC-GR
complex tethers to pro-inflammatory transcription factors such
as NF-κB and AP-1, constraining their activity; (ii) cis-repression,
whereby the GC-GR complex binds directly to DNA and exerts
inhibitory effects on gene transcription; and (iii) transactivation,
whereby a GC-GR dimer acts as a bona fides transcription factor
and activates gene transcription (McKay and Cidlowski, 1999; De
Bosscher et al., 2003; Barnes, 2006; Beaulieu and Morand, 2011).
Despite their beneficial effects, adverse effects of GC treatment
have been noted since the beginning of their usage, because the
amount of GCs required therapeutically to inhibit the immune
system is in excess of metabolic homeostatic requirements. Until
lately, it was believed that GC/GR mediated transrepression was
predominantly responsible for the immune suppressive func-
tion of GCs, while GC/GR induced transactivation was linked
to GC adverse metabolic effects (Reichardt et al., 2001; Schacke
et al., 2005, 2007). Recently, however, a new role of GC/GR
transactivation in immune suppressive actions has emerged, due
to the functional characterization of several GC induced anti-
inflammatory proteins. Many studies have shown that one such

protein, glucocorticoid-induced leucine zipper (GILZ), inhibits
activation of a wide range of immune cells under inflamed condi-
tions (Beaulieu and Morand, 2011; Esposito et al., 2012; Cheng
et al., 2013; Ngo et al., 2013a). Importantly, published data to
date have not indicated GC-like adverse effects associated with
GILZ, suggesting that GILZ exerts immunosuppressive effects
that mimic those of GCs but occur via distinct pathways. In this
review, we aim to summarize current knowledge of GILZ biolog-
ical functions and compare them with the known effects of GC
on immune system. The similarities and divergence between the
effects of GILZ and GC suggest the potential use of GILZ-based
therapies in improving GC efficacy while reducing GC metabolic
toxicity, and thus the development of new treatment strategies to
replace supplement or even replace GC.

GLUCOCORTICOIDS AND GLUCOCORTICOID RECEPTORS
Inflammation is a self-protective process that forms part of the
host organism responses to harmful insults, such as cell dam-
age, foreign pathogens or irritants. To avoid excessive damage
to the healthy tissues, the activated immune system needs to
be rapidly “switched off” once the noxious stimuli are elimi-
nated. Therefore, inflammatory responses are tightly regulated
via competition between stimulative and suppressive signals. GC,
produced by the adrenal gland, represents one of the most pow-
erful endogenous pathways to temper the intensity of immune
responses. Under certain conditions, however, the ability of
endogenous GC to suppress immune response is overwhelmed,
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resulting in the hyper-activation of the immune system that
leads to chronic auto-immune and inflammatory disease. In the
majority of these diseases, treatment with synthetic GCs is used
to control inflammation, exploiting the natural pathways that
evolved to permit endogenous GC to regulate immune responses.
The profound effectiveness of GCs underpins their use in a wide
range of diseases. Despite their effectiveness, however, the use of
GCs is accompanied by a litany of serious adverse effects, particu-
larly in patients under long term or high dose treatment. These
unwanted effects include diabetes, immunosuppression, osteo-
porosis and increased risk of cardiovascular events, all of which
are closely associated with the physiological metabolic functions
of GC (Rhen and Cidlowski, 2005). The continued use of gluco-
corticoids reflects a failure to discover a reliable GC replacement.
To develop such glucocorticoid mimics, a large body of research
has been conducted to understand the molecular actions of GC.

MOLECULAR MECHANISMS OF GLUCOCORTICOID ACTIONS
GCs impact on intracellular pathways through binding to the GR
(Rhen and Cidlowski, 2005). The GC/GR complex exerts its tran-
srepression effects by tethering to and interfering with the func-
tion of proinflammatory transcription factors, such as NF-κB and
AP-1, which consequently results in repression of a large number
of proinflammatory mediators, cytokines, chemokines and adhe-
sion molecules (Rhen and Cidlowski, 2005; Nixon et al., 2013).
The GC/GR complex also suppresses gene expression via bind-
ing to negative GC response elements (nGRE) located within the
promoters of genes, a phenomena called cis-repression (Newton,
2000; Clark and Belvisi, 2012; Nixon et al., 2013; Vandevyver et al.,
2013). These GC/GR-induced transrepression and cis-repression
effects are important in the therapeutic activity of GCs. On the
other hand, the dimerized GC/GR complex is also capable of
binding to positive GREs and thereby up-regulating the expres-
sion of multiple genes, many of which are related to the metabolic
adverse effects of GCs (Rhen and Cidlowski, 2005; Clark and
Belvisi, 2012; Nixon et al., 2013; Vandevyver et al., 2013). It has

previously been believed that anti-inflammatory effects of GCs
are mediated via transrepression, whereas the metabolic effects
are mediated via transactivation (Figure 1A). Thus, a significant
effort has been invested by pharmaceutical companies world-
wide toward the discovery of “selective glucocorticoid receptor
modulators” (SGRM), based on the idea that GR ligands that
favor transrepression over transactivation would be equally effec-
tive but safer (Figure 1B) (Weinstein et al., 2011). As we have
recently reviewed, however, it has become clear that the “diver-
gent actions” paradigm of GC actions does not fully explain
the parallel therapeutic and metabolic effects of GCs (Fan and
Morand, 2012). For examples, nGREs were recently identified
within the promoters of a large number of genes, including
insulin, osteoprotegerin and anti-apoptotic proteins (Surjit et al.,
2011). GC/GR binding to these nGREs results in down-regulation
of gene expression, directly contributing to GC adverse metabolic
effects. Moreover, GC/GR-dimer induced transactivation effects
include the induction of the expression of several important anti-
inflammatory proteins, including GILZ, annexin A1 (AnxA1)
and MAPK phosphatase-1 (MKP-1) (Clark, 2003; Perretti and
D’Acquisto, 2009; Beaulieu and Morand, 2011; Clark and Belvisi,
2012; Ratman et al., 2013; Yang et al., 2013). Indeed, two recent
studies indicate that GC-GR-dimer-dependent effects, likely due
to transactivation of anti-inflammatory proteins, are essential
for the full anti-inflammatory effects of GCs (Baschant et al.,
2011; Kleiman et al., 2012). These findings demonstrate a pre-
viously under-recognized role of GC-induced proteins in the
anti-inflammatory effects of GC, suggesting that the paradigm
separating GC anti-inflammatory and metabolic effects on the
basis of transrepression and transactivation is inadequate to
explain the effects of GC.

To develop a new strategy to mimic GC immune-suppressive
functions but limit the metabolic effects, an alternate approach
would be to discover GC-mediated inhibitory effects on the
immune system that bypass the mechanism of GC metabolic
effects, i.e., molecules that do not utilize the GR for their

FIGURE 1 | Strategies to improve glucocorticoid therapy. (A) Cellular
effects of glucocorticoids (GC). GCs bind to glucocorticoid receptor (GR) and
activate intracellular signaling pathways. Previously, it was believed that
transactivation predominantly accounts for the adverse metabolic effects,
whereas transrepression/cis-repression mainly mediates anti-inflammatory

functions of GCs. (B) The strategy to develop “selective glucocorticoid
receptor modulators (SGRM)” based on the paradigm that metabolic effects
but not immune-suppressive effects depended on transactivation. (C) The
anti-inflammatory effects of GILZ are independent of GR function and may
conceivably avoid metabolic effects entirely.
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actions on inflammation. Accumulating evidence indicates that
one of the GC-induced proteins, GILZ, represents the basis for
such an approach (Figure 1C). GILZ has been detected and
functionally characterized in a wide range of immune cells,
including T lymphocytes, B lymphocytes, dendritic cells (DCs),
monocyte/macrophages, mast cells and endothelial cells (ECs)
(D’Adamio et al., 1997; Glynne et al., 2000; Berrebi et al., 2003;
Cannarile et al., 2006; Cohen et al., 2006; Godot et al., 2006;
Cheng et al., 2013). Within the most of cell types investigated,
the main function of GILZ is immune suppressive. The molecular
actions of GILZ were recently reviewed by us and others (Ayroldi
and Riccardi, 2009; Beaulieu and Morand, 2011). Although GILZ
expression is up-regulated by GCs, via GC/GR binding to GREs
within the Gilz promoter (Asselin-Labat et al., 2005), divergent
effects of GILZ and GCs on mesenchymal stem cell (MSC) differ-
entiation have been reported, suggesting that GILZ lacks an ability
to induce GC-related adverse effects (Shi et al., 2000; Zhang et al.,
2008). This notion is further supported by the observation that
GC immune suppressive functions do not always require the pres-
ence of GILZ, suggesting that GILZ and GCs work in parallel and
impact on immune system through divergent signaling pathways
(Cheng et al., 2013; Ngo et al., 2013a). In the following sections
we shall review the known effects of GC and GILZ in various cells
and compartments relevant to inflammatory disease and illustrate
evidence that their effects are divergent.

COMPARISON OF THE EFFECTS OF GC AND GILZ
To better understand the similarities and differences between
GILZ and GCs, their effects on specific cell lineages and animal
models of inflammatory diseases are directly compared in the
following sections, as summarized in Tables 1, 2.

THYMOCYTES
GCs induce thymocyte apoptosis and this effect requires
GR-dependent protein synthesis (Thomas et al., 1983; Cohen and
Duke, 1984; Ashwell et al., 2000; Bruscoli et al., 2006). Although
the mechanisms remain only partially understood, mitochondrial
apoptotic signaling pathways mediated by Bcl-2 family members
play a dominant role (Sentman et al., 1991; Grillot et al., 1995).
In addition, GCs suppress NF-κB signals in thymocytes, lead-
ing to increased thymocyte cell death (Wang et al., 1999). GILZ
was initially discovered in murine thymocytes as its expression is
exquisitely sensitive to GCs (D’Adamio et al., 1997). To elucidate
the role of GILZ in regulation of thymocyte survival, a trans-
genic (TG) mouse line, in which GILZ expression is driven by a
CD2 promoter, was generated (Delfino et al., 2004). Consistent
with GC pro-apoptotic effects, overexpression of GILZ led to
a reduction of Bcl-xL expression and accelerated anti-CD3 Ab
induced thymocyte apoptosis, which was accompanied by inhi-
bition of NF-κB p65 nuclear translocation and DNA binding
ability (Delfino et al., 2004, 2006). As a result, adult TG mice
show a decrease in CD4 and CD8 double positive thymocytes.
Moreover, a mouse strain (GRlck−Cre), in which GR expression
is conditionally knocked out in thymocytes prior to selections,
was recently generated (Mittelstadt et al., 2012). Deletion of GR
led to an absence of GC signaling and GC-induced GILZ expres-
sion. As a result, GRlck−Cre thymoctyes are completely resistance

to GC-induced apoptosis. Thus, these studies suggest that GCs
and GILZ both play a similar pro-apoptotic role in regulation of
thymocyte apoptosis.

T LYMPHOCYTES
ACTIVATION-INDUCED APOPTOSIS
In contrast to their pro-apoptotic effects on thymocytes, GC
and GILZ effects on activated T lymphocytes are anti-apoptotic
(D’Adamio et al., 1997). GCs directly interfere with AP-1 and sup-
press activation-induced FasL expression, to inhibit T lymphocyte
apoptosis (Paliogianni et al., 1993; Yang et al., 1995). The GC dex-
amethasone (DEX) also blocks NF-κB activation through inhibit-
ing IκB degradation, to reduce anti-CD3-induced FasL expression
and T cell death (Auphan et al., 1995; Liberman et al., 2012).
Similarly, GILZ inhibits anti-CD3 Ab-induced cell apoptosis in
a T cell line via directly interfering with the AP-1 transcription
factor, leading to inhibition of FasL expression and pro-apoptotic
signaling (D’Adamio et al., 1997; Mittelstadt and Ashwell, 2001).
GILZ overexpression also protects IL-2 withdrawal-induced T
lymphocyte cell death, which is correspondingly accelerated in
GILZ-deficient cells (Asselin-Labat et al., 2004). IL-2 withdrawal
rapidly induces binding of the FOXO3 transcription factor to the
GILZ promoter, leading to increased GILZ expression (Asselin-
Labat et al., 2004, 2005). On the other hand, GILZ inhibits
FOXO3 transcriptional activity via CRM1 (a nuclear transport
receptor)-dependent nuclear exclusion of FOXO3 (Latre de Late
et al., 2010), leading to decreased expression of itself and BIM, a
pro-apoptotic member of the Bcl-2 family. These findings suggest
a bidirectional regulation between FOXO3 and GILZ proteins to
regulate cell apoptosis in T lymphocytes.

IMMUNE RESPONSE
GCs suppress Th1 development and promote Th2 differentiation
in CD4 T lymphocytes, through mediating the production of a
wide range of cytokines at the transcriptional level (Kunicka et al.,
1993; Almawi et al., 1996; Miyaura and Iwata, 2002). This notion
is supported by the observation that GCs inhibit the activation
of several important T cell pro-inflammatory transcription fac-
tors, including AP-1, NFAT and NF-κB (Tsitoura and Rothman,
2004). Upon TCR activation of murine CD4 T cells, GCs reduce
production of Th1 cytokines (e.g., IL-2) and promote the expres-
sion of Th2 cytokines (e.g., IL-4) (Daynes and Araneo, 1989). It
is now clear that GCs suppress IL-2 expression via direct inhibi-
tion of AP-1 and NF-κB DNA binding activity (Vacca et al., 1992;
Adcock et al., 1995). A similar skew toward Th2 phenotype was
observed in T lymphocytes from GILZ TG mice (Cannarile et al.,
2006). Anti-CD3/anti-CD28 antibody-induced activation of the
Th2 specific transcription factors GATA3 and STAT6 is increased
in GILZ TG T lymphocytes, whereas activity of T-bet, a Th1 tran-
scription factor, was reduced (Cannarile et al., 2006). As a result,
GILZ induces T lymphocytes to produce more Th2 cytokines
(e.g., IL-4, IL-5, and IL-10) and less Th1 cytokines (e.g., INF-γ).
The concept that GILZ suppresses Th1 responses is supported
by the observation that increased IFN-γ production is detected
in GILZ knockout (KO) T cells (Ngo et al., 2013a). Moreover,
GILZ inhibits the transcriptional activity of AP-1, NF-κB and
NFAT, transcription factors known to regulate T cell activation
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Table 1 | Comparison of GILZ and GC in vitro effects on specific cell lineages.

GC effects GILZ effects

Thymocytes ↑ Apoptosis via ↑ Apoptosis via

↓ Bcl-xL, NF-κB (Wang et al., 1999; Bianchini et al., 2006;
Bruscoli et al., 2006)

↓ Bcl-xL, NF-κB (Delfino et al., 2004, 2006)

T lymphocytes ↓ Apoptosis via ↓ Apoptosis via

↓ AP-1, FasL (Zacharchuk et al., 1990; Paliogianni et al., 1993;
Yang et al., 1995)

↓ AP-1, FasL, FOXO3, BIM (Mittelstadt and Ashwell,
2001; Asselin-Labat et al., 2004; Latre de Late et al., 2010)

↓ Th1 via ↓ Th1 via

↓ IL-2, IFNγ (Daynes and Araneo, 1989; Miyaura and Iwata,
2002)

↓ IL-2, IFNγ (Ayroldi et al., 2001; Mittelstadt and Ashwell,
2001; Cannarile et al., 2006; Ngo et al., 2013a)

↑ Th2 via ↑ Th2 via

↑ IL-4, IL-10 (Daynes and Araneo, 1989; Miyaura and Iwata, 2002) ↑ GATA-3, STAT6, IL-4, IL-10 (Cannarile et al., 2006)

↓ Activation via ↓ Activation via

↓ AP-1, NF-κB, No effect on ERK (Vacca et al., 1992; Adcock
et al., 1995; Tsitoura and Rothman, 2004)

↓ AP-1, NF-κB, NFAT, ↓ ERK (Ayroldi et al., 2001, 2002;
Cannarile et al., 2006)

No effect on Th17 (McKinley et al., 2008; Nanzer et al., 2013) ↓ Th17 via

↓ IL17A (Ngo et al., 2013a)

Dendritic cells ↓ Maturation via ↓ Maturation via

↓ CD80, CD86, IL-12 (Kitajima et al., 1996; Rea et al., 2000) ↓ CD80, CD86 (Cohen et al., 2006)

↑ Tolerance via ↑ Tolerance via

↑ IL-10, B7-H1 (Rea et al., 2000; Cohen et al., 2006) ↑ IL-10, B7-H1 (Cohen et al., 2006)

↑ DC induced Treg via ↑ DC induced Treg via

↑ FOXP3+ Treg (Hamdi et al., 2007b; Unger et al., 2009) ↑ FOXP3+ Treg (Hamdi et al., 2007b)

Endothelial cells ↓ Activation via ↓ Activation via

↓ NF-κB, p38, ↑ MKP-1 (Ray et al., 1997; Furst et al., 2007;
Cheng et al., 2013)

↓ NF-κB, p38, ERK, JNK, ↑ MKP-1 (Cheng et al., 2013)

Monocyte/Macrophages ↓ Activation via ↓ Activation via

↓ NF-κB, IL-1β, TNFα (Jeon et al., 2000; Steer et al., 2000; Joyce
et al., 2001)

↓ NF-κB, IL-1β, TNFα (Berrebi et al., 2003; Hamdi et al.,
2007a)

MSC ↑ AP, ↓ OB via ↓ AP, ↓ OB via

↑ C/EBPδ, PPARγ2 (Shi et al., 2000; Yao et al., 2008) ↓ PPARγ2 (Shi et al., 2003; Zhang et al., 2008)

The effects of GCs and GILZ on each cell lineage and related mechanisms are shown. Underlined text indicates the GILZ and GC effects are divergent. Abbreviation:

AP, adipocytes; OB, osteoblasts; MSC, mesenchymal stem cells.

and differentiation (Ayroldi et al., 2001, 2002; Mittelstadt and
Ashwell, 2001), thus mimicking GC effects. GILZ directly inter-
acts with NF-κB p65 subunit through its C-terminal domain (Di
Marco et al., 2007), and inhibits p65 nuclear translocation and
DNA binding, resulting in reduced expression of IL-2 and IL-2R
(Ayroldi et al., 2001). On the other hand, the N-terminal of GILZ
interacts with AP-1 and subsequently inhibits AP-1 DNA binding,
resulting in decreased IL-2 expression (Mittelstadt and Ashwell,
2001).

Despite many similarities, several divergent effects of GCs
and GILZ on T lymphocytes activation and differentiation have
also been reported. GC effects on Th17 phenotype are not fully
understood. For example, GCs have no effect on Th17 cytokine
production from polarized Th17 T cells in vitro (McKinley et al.,

2008). As a result, neutrophil infiltration induced by adoptive
transfer of Th17 cells cannot be attenuated by GCs in vivo.
Consequently, the increased production of IL-17A and IL-22 by
asthmatic patient peripheral blood monocytes (PBMC) is insen-
sitive to GCs in vitro (Nanzer et al., 2013). In contrast, early
evidence suggests that GILZ inhibits IL-17A production as GILZ
KO T cells produce significantly more IL-17A than WT cells (Ngo
et al., 2013a). Moreover, GCs have no effect on phosphorylation
of ERK MAP kinase in T lymphocytes activated by anti-CD3 Ab
(Tsitoura and Rothman, 2004), whereas GILZ markedly inhibits
ERK activation (Ayroldi et al., 2002). GILZ directly interacts
with and inhibits Ras/Raf, upstream kinases in the ERK pathway
(Ayroldi et al., 2002, 2007; Soundararajan et al., 2007). Together,
these observations indicate that while GILZ mimics most GC
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Table 2 | Comparison of GILZ and GC in vivo effects on animal models of diseases.

Diseases GC effects GILZ effects Techniques

Th1 Colitis (DNBS) ↓ via ↓ via GILZ TG

↓ TNFα, IL-6 (Antonioli et al., 2007) ↓ NF-κB, TNFα, IFNγ, FasL (Cannarile
et al., 2009)

Th2 Colitis (Oxazolone) Unknown ↑ via

↑ MPO (Cannarile et al., 2009)

SCI ↓ via ↓ via

↓ ROS (Hall, 2011) ↓ NF-κB, TNFα, FasL, ↓ Bcl-2 (Esposito
et al., 2012)

EAE ↓ (Chen et al., 2006) ↓ via rGILZ

↓ NF-κB, IFNγ, IL-17, ↓ GATA-3 (Srinivasan
and Janardhanam, 2011)

Experimental arthritis ↓ CIA, AIA, K/BxN (Yang et al., 2004;
Beaulieu et al., 2010; Patel et al., 2012;
Ngo et al., 2013a)

↓ CIA via GILZ-AAV

↓ IL-1, TNFα (Beaulieu et al., 2010; Ngo
et al., 2013a)

No effect (Ngo et al., 2013a) Endogenous GILZ via KO

Endotoxemia ↓ (Yang et al., 2009) ↓ via SPRET/Ei mice

↓ IL-6 (Pinheiro et al., 2013)

No effect(Ngo et al., 2013a) Endogenous GILZ via KO

DTH ↓ (Taube and Carlsten, 2000) ↓ via Endogenous GILZ via KO

↓ IFNγ, IL-17, proliferation (Ngo et al.,
2013a)

Male infertility ↑ SSC apoptosis via ↓ SSC apoptosis via

↑ FasL (Khorsandi et al., 2008; Orazizadeh
et al., 2010)

↓ ERK, AKT, FOXO1, BIM (Bruscoli et al., 2012;
Ngo et al., 2013b)

The effects of GCs and GILZ on each disease model and related mechanisms are shown. Underlined text indicates the GILZ and GC effects are divergent. The

technique by which GILZ function was examined is also listed. MPO, myeloperoxidase; SCI, spinal cord injury; EAE, experimental autoimmune encephalomyelitis;

CIA, collagen-induced arthritis; AIA, antigen-induced arthritis; SPRET/Ei, a wild-derived inbred murine strain; SSC, spermatogonia stem cells; DTH, delayed-type

hypersensitivity.

effects on T cell activation, effects on IL-17A production and ERK
activation are divergent.

DENDRITIC CELLS
DCs play a crucial role in priming naive T lymphocytes via their
ability to recognize and present antigens to T cells (Hackstein
and Thomson, 2004). GCs and GILZ have very similar suppres-
sive effects on DC activation, and many GC effects have been
suggested to be GILZ-dependent (Cohen et al., 2006; Hamdi
et al., 2007b). To mature, immature DCs need to be activated
by pro-inflammatory stimuli (e.g., TNFα), bacterial components
(e.g., LPS) or T lymphocytes expressing CD40 ligand (CD40L)
(Hackstein and Thomson, 2004). GCs inhibit DC maturation via
suppressing expression of DC maturation markers (e.g., CD80,
CD86, CD83 and IL-12), and promoting tolerance markers (e.g.,
IL-10 and B7-H1) (Kitajima et al., 1996; Rea et al., 2000; Cohen
et al., 2006). GCs also inhibit chemokine production (e.g., CCL-
3, CCL-5 and CXCL-8) by human DCs and, therefore, impair
DC ability to activate T cells (Cohen et al., 2006). Moreover,

GC-treated DCs promote the generation of regulatory T (Treg)
cells derived from pathogen-specific human CD4 T lymphocytes
(Hamdi et al., 2007b). Hamdi et al. reported that GC treat-
ment increases DC ability to induce the CD25hiFOXP3 phenotype
among human CD4+ T cells. The function of these inducible
Tregs is confirmed by their capacity to inhibit human PBMC
proliferation (Hamdi et al., 2007b). GILZ expression is highly sen-
sitive to GC treatment in human DCs and GILZ overexpression
mimics the known GC inhibitory effects on DC maturation and
activation (Cohen et al., 2006; Hamdi et al., 2007b). Consistent
with this, deficiency of endogenous GILZ induced by silencing via
siRNA reverses these GC effects, suggesting that GILZ expression
plays a critical role in mediating GC actions in DCs (Cohen et al.,
2006).

ENDOTHELIAL CELLS
ECs play a critical role in mediating the recruitment of fast-
traveling leukocytes from the blood stream to inflamed tissues.
This occurs via upregulation of the pro-inflammatory adhesion
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molecules (E-selectin, VCAM-1 and ICAM-1), and cytokines and
chemokines such as IL-6, CXCL8 and CCL2 (Ley et al., 2007).
The expression of endothelial pro-inflammatory molecules is
predominantly controlled by NF-κB and MAP kinase signaling
pathways (Chen and Manning, 1995; Kuldo et al., 2005; Cheng
et al., 2010). GC effects on the activation of human umbilical
cord vein endothelial cells (HUVECs) require GR, as GR-deficient
HUVECs show prolonged NF-κB activation (Goodwin et al.,
2013). GCs inhibit E-selectin, IL-6, VCAM-1 and ICAM-1 expres-
sion in HUVECs via interference with NF-κB (Ray et al., 1997;
Pan et al., 2011; Goodwin et al., 2013). Additionally, GCs regu-
late endothelial activation via NF-κB-independent mechanisms
(Furst et al., 2007). In HUVEC, GCs induce the expression of
MKP-1, a MAPK inhibitory phosphatase, leading to inhibition
of p38 MAPK-dependent E-selectin expression without affect-
ing NF-κB DNA binding activity (Furst et al., 2007). Consistent
with these observations, GC-treated HUVECs have impaired abil-
ity to support leukocyte rolling and transmigration under flow
conditions (Cheng et al., 2013). GILZ is highly expressed in ECs
in synovial tissue from patients with rheumatoid arthritis (RA),
and plays an important role in regulation of endothelial adhesive
functions (Beaulieu et al., 2010; Cheng et al., 2013). Similar to
the known GC effects, GILZ expression in HUVECs inhibits their
capacity to support leukocyte rolling, adhesion and transmigra-
tion, accompanied by reduced expression of E-selecting, ICAM-1,
IL-6, CXCL8, and CCL2 (Cheng et al., 2013). Differing from
observations reported in T lymphocytes, however, in a human
microvascular endothelial cell line (HMEC), GILZ inhibits NF-κB
transcription activity via suppressing NF-κB p65 DNA bind-
ing ability, without affecting its nuclear translocation, suggesting
a novel mechanism by which GILZ regulates NF-κB signaling
in human ECs. GILZ also upregulates MKP-1 expression and,
thereby, inhibits TNFα-induced p38, ERK, and JNK MAP kinase
activation, mimicking GC effects. On the other hand, GILZ
silencing via siRNA does not alter the inhibitory effects of exoge-
nous GC on HUVEC adhesive function, suggesting redundancy
of GILZ in GC effects on ECs despite the GC-mimicking effects
of GILZ (Cheng et al., 2013). Together, these observations suggest
that GCs and GILZ both play an anti-inflammatory role in regu-
lation of human EC activation, although GILZ is not required for
GC actions.

MONOCYTES/MACROPHAGES
GCs inhibit monocyte/macrophage activation via suppressing
AP-1 and NF-κB signaling, leading to reduced expression of a
wide range of pro-inflammatory genes (Mukaida et al., 1991;
Berkman et al., 1995; Marfaing-Koka et al., 1996; Jeon et al.,
2000; Steer et al., 2000; Cao et al., 2003). GILZ is constitutively
expressed in monocytes/macrophages and its expression is also
sensitive to GC treatment (Berrebi et al., 2003; Hamdi et al.,
2007a). GILZ inhibits LPS-induced production of cytokines and
chemokines such as TNFα, RANTES, IL-6, and IL-1β by human
monocytes and macrophages in vitro, mimicking the effects of GC
(Hamdi et al., 2007a; Wang et al., 2012). Mechanistic studies in
THP-1 cells, a human monocyte cell line, show that GILZ directly
interacts with the NF-κB p65 subunit and suppresses transcrip-
tional activity, resulting in reduced expression of macrophage

activation markers CD80, CD86, and TLR2, and chemoknies
CCL5 and CCL3 (Berrebi et al., 2003). Moreover, another GC
induced anti-inflammatory protein, AnxA1, requires GILZ to
mediate inhibitory effects of GC in murine macrophage (Yang
et al., 2009). In keeping with these findings, GILZ expression
is inhibited in macrophages from patients with Crohn’s disease,
tuberculosis and alcoholic hepatitis (AH), typical inflammatory
diseases associated with macrophage activation (Berrebi et al.,
2003; Hamdi et al., 2007a). This impairment of GILZ expression
has been suggested to be implicated in prolonged macrophage
responses in these patients. GILZ mRNA stability was found to
be reduced in human macrophages upon Toll-like receptor (TLR)
activation (Hoppstadter et al., 2012), suggesting a mechanism for
permissive reductions in GILZ expression during inflammation.
LPS triggers TLR signaling and caused GILZ mRNA degrada-
tion in a tristetraprolin (TTP) and MyD88 dependent manner
(Hoppstadter et al., 2012). Together, these observations support
the notion that GILZ and GCs have similar inhibitory effects on
monocyte/macrophages activation via interference with NF-κB
signaling.

MESENCHYMAL STEM CELLS (MSCs)/OSTEOBLASTS
One of the main functions of multipotent MSCs is to differ-
entiate into important cell lineages, including adipocytes and
osteoblasts (Pittenger et al., 1999). The differentiation of MSCs
into adipocytes and osteoblasts is reciprocally modulated, mainly
via regulation of the activity of peroxisome proliferator-activated
receptor gamma (PPARγ2), a master transcription factor that
promotes adipogenic differentiation (Tontonoz et al., 1994;
Weinstein et al., 1998; Ahdjoudj et al., 2001; Akune et al., 2004).
GCs induce MSC differentiation toward adipocytes and suppress
osteogenic differentiation, via promoting CCAAT/enhancer-
binding protein δ (C/EBPδ) expression and its binding to the
C/EBP binding site within the PPARγ2 promoter, resulting in
increased PPARγ2 mRNA expression and transcriptional activ-
ity (Shi et al., 2000; Yao et al., 2008). This GC inhibitory effect
on osteoblast formation accounts in part for the rapid bone loss
observed in patients during GC treatment. Despite the fact that
GCs rapidly induces GILZ expression in MSCs, GILZ exerts a
completely opposite effect in the regulation of MSC differentia-
tion (Eddleston et al., 2007). GILZ expression in MSCs increases
osteogenic differentiation, and inhibits adipocyte formation (Shi
et al., 2003; Zhang et al., 2008). GILZ was reported in these stud-
ies to bind to the C/EBP site in competition with C/EBPδ, leading
to a decreased PPARγ2 expression. Together, these observations
suggest that GC and GILZ play opposite roles in regulation of
adipocyte and osteoblast formation.

ANIMAL MODELS OF INFLAMMATORY DISEASES
To better understand the role of GILZ in the regulation of inflam-
mation, GILZ effects on animal models of inflammatory diseases
have been studied. Consistent with GILZ effects on Th1/Th2 bal-
ance in vitro, the GILZ TG mice showed increased sensitivity to
bleomycin-induced neutrophil infiltration and edema, a typical
Th2 dependent model of inflammation (Cannarile et al., 2006).
Similarly, GILZ TG mice were more susceptible to oxazolone
induced Th2 colitis (Cannarile et al., 2009), consistent with the
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pro-Th2 and anti-Th1 effects of GILZ discussed above. On the
other hand, a beneficial effect of GILZ has been described in
several animal models of Th1-related inflammatory diseases. T
cell infiltration is reduced in GILZ TG mice during dinitroben-
zene sulfonic acid (DNBS)-induced colitis, accompanied by a
decrease in tissue damage, epithelial cell apoptosis, cytokine pro-
duction, as well as NF-κB activation (Cannarile et al., 2009).
Using the same GILZ TG mice, similar protective effects of GILZ
were also detected in a spinal cord injury (SCI) model, mainly
due to the GILZ inhibition of T cell activation and recruitment
(Esposito et al., 2012). Consistently, an ability of GILZ to suppress
inflammation was demonstrated in a rat model of experimen-
tal autoimmune encephalomyelitis (EAE) using an amphipathic
chariot peptide (Pep-1) for systemic administration of GILZ pro-
teins or peptides (Srinivasan and Janardhanam, 2011). Recently,
the role of GILZ in the murine collagen-induced arthritis (CIA)
model of RA was investigated, via local induction of GILZ expres-
sion in response to local injection of GILZ-adeno-associated virus
(GILZ-AAV) into the joints (Ngo et al., 2013a). GILZ expres-
sion inhibited disease development in the CIA model, mimicking
the effects of therapeutic dosing with the GC dexamethasone.
Consistent with this observation, GILZ depletion by systemic
administration of GILZ siRNA was previously found to increase
disease severity in CIA (Beaulieu et al., 2010). Moreover, the
anti-inflammatory function of GILZ has been demonstrated in
a wild-derived inbred SPRET/Ei mouse strain (Pinheiro et al.,
2013). These mice are resistant to LPS-induced endotoxemia, as
a result of increased GILZ expression due to genetic variations
(Pinheiro et al., 2013). LPS-induced IL-6 and IL-12 production
were also reduced in SPRET/Ei macrophages, and silencing GILZ
by siRNA, in contrast, completely abolished this effect (Pinheiro
et al., 2013). These studies provide direct evidence that GILZ is
a key mediator of inflammatory responses in both innate and
adaptive immune systems.

To further study biological functions of endogenous GILZ,
GILZ knockout (KO) mouse strains were recently generated inde-
pendently by four laboratories (Bruscoli et al., 2012; Romero
et al., 2012; Suarez et al., 2012; Ngo et al., 2013a). Surprisingly,
male KO animals are infertile and lack the ability to produce
sperm. Further research demonstrated that GILZ plays critical
role in regulation of spermatogonia stem cell (SSC) survival and
differentiation, likely via mediating ERK, AKT, and FOXO1 activ-
ity (Bruscoli et al., 2012; Ngo et al., 2013b). On the other hand,
no major alteration in immune responses was detected in GILZ
KO mice, despite a moderate increase in T cell proliferation and
DTH response (Ngo et al., 2013a). Surprisingly, given the effects
of GILZ therapy, GILZ deficiency failed to alter disease pheno-
types in antigen-induced arthritis (AIA), K/BxN serum-transfer
arthritis, CIA, and LPS-induced cytokinemia (Ngo et al., 2013a).
GILZ deficiency also had no effect on GC sensitivity in these
models (Ngo et al., 2013a). Consistent with this, bone marrow
macrophages of GILZ KO mice showed neither impaired inflam-
matory response to LPS, nor reduced level of sensitivity to GCs,
suggesting that GILZ is redundant for GC immune suppressive
functions in these phenomena (Suarez et al., 2012). This result is
in line with the findings described in ECs, in which GC actions
were not GILZ dependent despite inhibitory actions of GILZ

in these cells (Cheng et al., 2013). In contrast, GC effects on
DCs were abrogated on GILZ silencing, suggesting variation in
GILZ and GC impacts in different cell types. Further research is
required to elucidate the divergent molecular pathways involved
in GILZ and GC actions in these cells.

CONCLUSIONS
The studies reviewed here suggest that GILZ and GCs share many
anti-inflammatory effects on immune cells. However, differences
between GILZ and GC impacts on immune cell function and ani-
mal models of disease are evident, indicating that the mechanisms
involved in the actions of GILZ and GC in specific cell types may
be different. Moreover, the requirement for GILZ in GCs actions
varies between different cell types, suggesting that GILZ media-
tion of GCs functions is cell-type-specific. The opposite effects of
GILZ and GCs on MSC differentiation raise the possibility that
development of a GILZ based gene therapy to treat inflammatory
disease could result in effects opposite to those of GC in terms
of adiposity and osteoporosis. Further investigation is required to
determine whether GILZ induces GC-related adverse metabolic
effects. If confirmed, this will support the hypothesis that GILZ
therapeutic effects mimic those of GCs but lack GC-like metabolic
effects. As a result, GILZ-based gene therapy has great potential in
the therapy of human diseases.

KEY CONCEPTS
1. GILZ inhibits inflammatory responses in a number of impor-

tant immune cell lineages in vitro;
2. GILZ reduces disease severity in animal models of inflamma-

tory diseases in vivo, mimicking glucocorticoid effects;
3. GILZ exerts inhibitory effects on immune system independent

of glucocorticoid receptor and, thus, avoids glucocorticoid-
induced adverse metabolic effects;

4. Further investigation is required to confirm the lack of ability
of GILZ to induce GC-related side effects;

5. GILZ-based gene therapy has great potential in development
of new treatment strategies for human diseases.
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Endomorphins are endogenous opioid peptides that cause potent antinociception in
rodent models of acute and neuropathic pain with less undesirable side effects
than opioid alkaloids. However, endomorphins are poorly suited to clinical applications
because of low membrane permeability and a susceptibility to enzymatic degradation.
Glycosylation and lipidation have proven to be two of the most robust approaches
for the generation of new therapeutic endomorphin derivatives. Conjugation with
lipoamino acids (LAA) confers an amphipathic character to the peptide, which improved
interaction between the peptide and the lipid bilayer of the cell membranes, increasing
permeability. Glycosylation can also improve peptide stability and blood brain barrier
(BBB) transport. It is believed that an endocytotic mechanism (transcytosis) is responsible
for the systemic delivery of water-soluble glycopeptides. This review discusses the
application of glycosylation and lipidation strategies to improve the drug-like properties of
endomorphins. Pharmacologically active endomorphin analogs with less adverse effects
are also discussed.

Keywords: endomorphin, peptide delivery, neuropathic pain, lipoamino acid, glycosylation, lipopeptide,

glycopeptide, blood brain barrier

INTRODUCTION
Opioid analgesics such as morphine are among the most com-
monly used for the treatment of severe pain. Although opioid
analgesics are useful for the relief of nociceptive pain, their
efficacy against neuropathic pain is limited. Furthermore, they
are associated with a range of undesirable side effects such
as constipation, respiratory depression, tolerance, and physical
dependence, particularly with long-term use. Investigations into
new effective treatments for neuropathic pain that could replace
opioid alkaloids have predominantly focused on the develop-
ment of peptide analogs with selectivity for μ-opioid (MOP)
receptors (Vaccarino and Kastin, 2000). In order to be effec-
tive as an analgesic for clinical application, the peptide analog
must confer high bioavailability, which is achieved through good
blood brain barrier (BBB) permeability and resistance to enzy-
matic degradation. Delivery of pharmaceutical agents to the
brain is highly challenging (Banks et al., 1992). Various proper-
ties combine to make the BBB a formidable barrier, including
tight junctions, minimized surface area, electrostatic interac-
tions and increased metabolism, as well as an active efflux sys-
tem. Different approaches have been used to improve the brain
penetration of pharmaceutical agents (Banks and Kastin, 1985;
Begley, 1996). Endomorphin-1 and -2 are naturally occurring
peptides with excellent therapeutic potential as replacements for
morphine-like opioids. They are potent, highly selective MOP
receptor agonists with remarkable anti-neuropathic properties
in different rodent models of neuropathic pain (Przewlocki and
Przewlocka, 2001) and cause less adverse effects than opioid

alkaloids (Vaccarino et al., 1999; Czapla et al., 2000). Nevertheless,
like most peptide neurotransmitters and neuromodulators in the
CNS, modifications are required to transport endomorphins to
the brain.

HISTORICAL PERSPECTIVE
All endogenous opioid peptides that contain Tyr-Gly-Gly-Phe
(including endorphins, enkephakins, and dynorphins), possess
affinity for the three opioid receptors: μ (MOP), δ (DOP),
and κ (KOP), with low to moderate specificity. β-endorphins
have comparable affinity for both MOP and DOP receptors. Met-
and leu-enkephalins are DOP receptor endogenous ligands and
dynorphins are ligands of KOP receptors. Mammalian peptides
with high selectivity and affinity for MOP receptors were not
known until the discovery of endomorphins. In 1997, Zadina
et al.. replaced the Gly in the endogenous peptide sequence
(Tyr-Pro-Trp-Gly-NH2) which had high MOP receptor selec-
tivity, but low affinity (Hughes et al., 1975),with all possible
natural amino acids (Zadina et al., 1997). Among all deriva-
tives, the Phe-substituted sequence showed the highest affinity
and selectivity for MOP receptors and was called endomorphin-
1 (Tyr-Pro-Trp-Phe-NH2). Endomorphin-1 and -2, (Tyr-Pro-
Phe-Phe-NH2) (Figure 1) were first isolated from bovine brain
(Zadina et al., 1997) and then from human cortex (Hackler
et al., 1997). Although the precursor(s) of endomorphins remain
unidentified, their extraordinarily high affinity and selectivity for
MOP receptors in the brain supports the proposal that they are
endogenous MOP receptor ligands.
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STRATEGIES TO IMPROVE BIOAVAILABILITY
Different strategies have been investigated for the effective
delivery of endomorphin.

Use of peptidase inhibitors such as tripeptides diprotin A and
B, Tyr-Pro-Ala-NH2 (EMDB-2), and Tyr-Pro-Ala-OH (EMDB-
3), enhanced and prolonged the antinociceptive effects of endo-
morphins (Sakurada et al., 2003; Cravezic et al., 2011). However,
due to the need for central administration of both peptides and
peptidase inhibitors (Fichna et al., 2010; Cravezic et al., 2011),
this approach achieved a low degree of success.

Several strategies have been developed to manipulate the struc-
ture of endomorphins. The current data indicate that is confor-
mational adaptation of the neuropeptides to the different MOP,
DOP, and KOP receptor topographies. Thus, the design of con-
formationally restricted analogs is of great importance for the
selective targeting of a single distinct receptor type (Schiller and
DiMaio, 1982). The greater rigidity of the bioactive peptide epi-
tope affects the receptor binding affinity in a receptor-specific way
(Bock et al., 2013). Therefore, selectivity of the peptide can be
tuned based on the level of conformational restriction imposed
by the constraints (Clark et al., 2010).

Glycosylation and lipidation are two successful strategies
where peptide conformation is locally restricted. The incorpora-
tion of lipids and sugars as conformational constraints (Hruby
et al., 1990; Kawai et al., 1990; Hruby and Balse, 2000) sig-
nificantly improved the pharmacological properties of various
peptides (Polt et al., 1994; Egleton et al., 2000; Falconer and Toth,
2007; Cros et al., 2011).

GLYCOSYLATION
Conjugation of carbohydrates to peptides increased the biodis-
tribution of opioid peptides by enhancing permeation across
intestinal epithelium and BBB via natural transporters (Poduslo
and Curran, 1994; Egleton and Davis, 2005). Membrane pro-
teins such as glucose transporters, GLUT and SGLUT, allowed
for the uptake of specific carbohydrates through active, or facil-
itated transport pathways to deliver peptides across biological
barriers (Wood and Trayhurn, 2003). In spite of difficulties asso-
ciated with their synthesis (Buskas et al., 2006), carbohydrates
improved the water solubility, stability and bioavailability of the
peptide analogs (Albert et al., 1993; Polt et al., 1994; Negri et al.,
1999; Bilsky et al., 2000; Egleton et al., 2000). Although glycosy-
lation reduces passive diffusion of the peptides by reducing their

FIGURE 1 | The structure of endomorphin-1 and -2.

lipophilicity, it makes the peptide a favorable substrate for glucose
transporters. Thus, this modification often results in increased
penetration through the BBB and GI membranes (Horvat, 2001;
Gentilucci, 2004). However, the exact mechanism through which
glycosylation improves BBB or GI transport is yet to be eluci-
dated. Octanol/saline distribution studies indicated that transport
does not occur via passive diffusion, due to significantly lower
lipophilicity (Egleton et al., 2000). Alternatively, the amphipathic
nature of glycopeptides was suggested to be responsible for their
enhanced permeability through barriers particularly BBB (Palian
et al., 2003). For the glycopeptides to be effectively delivered to
the brain, it is necessary to produce “biousian” activity (Polt
et al., 2005a). Ousia means “essence” in Greek. It is important
for the glycopeptides to have two essences, an amphipathic state
that promotes adsorption to biological membranes and a ran-
dom coil state that is water-soluble. Biousian effect enabled the
compound to undergo endocytosis or permits “membrane hop-
ping” (Egleton et al., 2005). Through extensive studies on a library
of glycopeptides, negative membrane curvature on the surface
of endothelial cells was shown to be promoted by permeable
glycopeptides (Dhanasekaran et al., 2005). This in turn led to
an increase in BBB transport (Figure 2) (Broadwell et al., 1988;
Egleton et al., 2001; Polt et al., 2005b).

Distribution and pharmacodynamic of the peptides are
immensely affected by glycosylation. This allows glyco-
sidic moieties to be used as vectors for targeting specific
carbohydrate-recognition receptors (Eduardo, 1994).

LIPIDATION
Lipidation is a post-translational peptide modification that sig-
nificantly influences the properties of peptides and is used in the
design of peptide drugs. The presence of polar groups reduced
the peptides’ partition coefficients and subsequently decreased
their membrane permeability (Chikhale et al., 1994). Lipidation
provided a simple way to modulate peptide lipophilicity, and
facilitates their interaction with cell membranes and penetration
across biological barriers by passive diffusion (Balaz, 2000; Griffin
and O’Driscoll, 2011). Through increasing the membrane-like
properties of the peptides, lipidation improved their interac-
tion with the lipid bilayer within the cell membrane (Pignatello
et al., 2005). Both lipoamino acids (LAA) and fatty acid chains
have been attached to the peptides to enhance their permeability
across biological membranes (Desino et al., 2009). LAAs are α-
amino acids with varying length (usually C8–20) alkyl side chains
(Figure 3). Having both the hydrophobic properties of lipids and
the hydrophilic characteristics of α-amino acids, LAAs are appro-
priate conjugates to incorporate into the structure of peptides
(Toth, 1994; Kokotos et al., 1996). Although the conjugation of
fatty acids to the peptides will ultimately result in an increase

FIGURE 2 | Endocytosis of glucopeptides (Polt, 2008).
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FIGURE 3 | Structure of lipoamino acids.

in their lipophilicity, the addition of LAAs is more advantageous
due to their amphipathic character (Toth, 1994). In addition it
plays an important role in enhancing peptide’s stability against
enzymatic degradation (Wang et al., 2006). This in turn affects
the absorption, distribution, metabolism and excretion (ADME)
and bioavailability of drugs and makes it an attractive strategy to
convert peptides into drug leads (Silvius, 2002).

PHYSIOLOGICAL AND PHARMACOLOGICAL PROPERTIES OF
LIPO- AND GLYCO-ENDOMORPHINS
METABOLIC STABILITY AND MEMBRANE PERMEABILITY
Lipoamino acid modification
The endogenous opioid peptide leu-enkephalin was chemically
modified by a lipophilic dimethylmaleic anhydride analog. This
analog showed a 12- and 32-fold increase in mouse small intesti-
nal mucosal homogenate and liver homogenate (Wang et al.,
2006).

A series of glycosylated endomorphin-1 peptides were synthe-
sized by modifying either the N- or C-terminus of endomorphin-
1 with glucose succinate or glucose, respectively. The half-life of
the analog conjugated with glucose at the N-terminus increased
from 5 min for endomorphin-1 to 38 min in the Caco-2 cell
homogenates. However, the C8LAA-modified glycosylated ana-
log produced even higher stability in the Caco-2 cell homogenate
assay with a half-life of 75 min (Koda et al., 2008). Although
there was a 3-fold increase in the apparent permeability (Papp)
of glucose-C8LAA derivative, this was not as pronounced as
the Papp of the compounds modified only with C8LAA com-
pared to endomorphin-1. Due to a significant reduction in the
receptor binding affinity of the C8LAA analog, a further mod-
ification was performed on the backbone structure of the par-
ent peptide. The unnatural amino acid 2′,6′-dimethyltyrosine
(Dmt) the more hydrophobic and conformationally restricted
residue compared to Tyr (Figure 4). Substitution of Tyr with
Dmt was shown to enhance the MOP receptor binding affinity
and potency of several opioid peptides (Li et al., 2005) including
endomorphin-1 (Jinsmaa et al., 2006). Therefore, a Dmt analog,
C8LAA[Dmt1]endomorphin-1 was synthesized which preserved
MOP receptor binding affinity (0.08 nM) relative to the parent
peptide. This analog exhibited enhanced stability and perme-
ability (Koda et al., 2008). In another trial, the 10-carbon LAA

FIGURE 4 | Structure of Tyrosine and 2′,6′-dimethyltyrosine.

modified peptides with/without substitution of Tyr1 with Dmt1

were examined for their biological activity. These endomorphin-
1 analogs produced 2–3.5 times higher stability and 2–2.6 times
higher permeability for Tyr1 and DMT1 analogs, respectively, in
comparison with their corresponding C8 derivatives (Varamini
et al., 2012b).

Substance P is a neuropeptide, which was first reported
to elicit analgesic activity in 1976 by Stewart et al. (Stewart
et al., 1976). Previously, a hybrid alkaloid/peptide compound,
comprised of morphine sulpfate bound to SP3−11, produced
a strong antinociceptive response with little or no develop-
ment of opioid tolerance or dependence (Kream, 2003; Kream
et al., 2007). C10LAA hybrid endomorphin-1 peptides were
designed and synthesized by conjugation of the last 4 or 5 C-
terminal amino acids of substance P (SP8−11 and SP7−11) with
all compounds bearing an overlapping Phe in the sequence. It
was proposed that the addition of substance P fragments to
lipo-endomorphin-1 may decrease the development of toler-
ance and physical dependence. Two C10-modified endomorphin-
1/SP hybrid peptides showed significantly improved half-life and
membrane permeability. However, of the two promising LAA-
modified derivatives with high stability and permeability, only
the one that contained the SP7−11 fragment produced potent
activity at MOP receptors with significant binding affinity and
retained selectivity. The docking scores obtained from confor-
mational studies were also in agreement with the Kiμ values
obtained in the receptor binding affinity experiments (Figure 5)
(Varamini et al., 2012a).

Glycosylation
A sugar-modified derivative of endomorphin was synthesized by
attachment of lactose succinamic acid to the peptide (Figure 6).
This glycosylated analog produced an unprecedented 700-fold
increase in membrane permeability and 21-fold increase in
plasma stability relative to the native peptide (Varamini et al.,
2012c). In this study a receptor-mediated or lactose selective
transporter-mediated absorption was suggested for as the mecha-
nism of transport across Caco-2 cell monolayer. According to the
Biopharmaceutics Classification System, there is a high correla-
tion between Caco-2 cell permeability coefficients (Papp values)
and fractional absorption values (Fa) in humans. This makes
the results from Caco-2 cell studies a reliable predictor of the
oral absorption of compounds in human (Smetanova et al.,
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FIGURE 5 | In vitro biological analyses revealed that the

C10LAA-modified analog conjugated with SP7−11 fragment was the

most promising derivative. (A) Structure of the compounds. (B) Surface
view of the active site of the MOP receptor for the highest docking score

conformation of MOP receptor with the compound docked into the active
site. For clarity, color of the atoms are as follows: blue—nitrogen,
red—oxygen, white—carbon (mu-opioid receptor), and green—carbon (on
ligand) (Varamini et al., 2012a).

FIGURE 6 | Structure of lactose succinamic acid-conjugated

endomorphin-1.

2011). Based on this classification, lactose-endomorphin-1 was
considered an ideal candidate for oral delivery.

Opioid peptides are predominantly cleared from the body via
fecal-oral routes (Weber et al., 1992; Witt et al., 2001). It has pre-
viously been shown that shifting from hepatic to renal clearance
can increase plasma stability and improve the antinociceptive
effects of opioid peptides (Witt et al., 2001). Since hydrophilic-
ity of the glycopeptides is increased compared with the parent
peptides, it is plausible that glycosylation shifts elimination to the
renal pathway, thus contributing to the higher stability of these
conjugates.

In vivo ANTINOCICEPTIVE ACTIVITY
Lipoamino acid modification
Targeting of neuropeptide drugs to the CNS through systemic
and oral delivery routes is a formidable obstacle. The delivery of
peptide drugs is limited by their poor bioavailability to the brain
due to low metabolic stability, high clearance by the liver, and the
obstacle posed by the BBB (Egleton et al., 2001).

The 8- and 10-carbon LAA derivatives of endomorphin-1,
with either Tyr or Dmt at position 1, have been shown to produce
significant dose dependent analgesia in a chronic constriction
injury (CCI) model of pain in rats. This analgesia was opi-
oid receptor-mediated and was produced following intravenous
(i.v.) administration. The two C10LAA-modified endomorphin-
1 peptides produced higher potency than C8LAA analogs and
even morphine in this model of rats with ED50 values of
about 1 μmol/kg. However, no significant difference was observed
between ED50 values obtained for lipo-endomorphin-1 analogs
with Tyr1 as in the native form of the peptide, or Dmt1 in the
modified form. Although C8-Endo-1 and C8-Dmt-Endo-1 (Koda
et al., 2008) were reported to have higher MOP receptor bind-
ing affinity and agonist activity than their corresponding C10-
peptides, their potency in relieving neuropathic pain in CCI rats
was less than C10-analogs. The higher antinociceptive potency
of C10-modified peptides compared to C8-modified analogs was
explained by the increase in their permeability and metabolic
stability. Longer alkyl chain length possibly increased analgesic
activity by permitting improved transport across lipophilic mem-
branes including the BBB (Varamini et al., 2012b). Furthermore,
these lipidated analogs did not cause significant respiratory
depression (Varamini et al., 2013), or constipation, and resulted
in less tolerance than morphine at analgesic doses (Varamini et al.,
2012b). The effect of attaching LAA residues containing differ-
ent length of alkyl side chain to drug molecules with in vitro
monoamine oxidase inhibitory activity was also investigated.
Consistently, analogs with different LAAs produced significantly
different potencies (Pignatello et al., 2005). It is plausible that
the divergence in the antinociceptive and side effect profiles of
morphine and the lipidic endomorphin-1 derivatives may be
due to their different interactions with pharmacologically defined
MOP receptor subtypes (Dworkin et al., 2007). Opioid receptor
hetero-oligomerization was suggested to be responsible for the
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diverse pharmacology displayed by these compounds (Jordan and
Devi, 1999; Levac et al., 2002).

Glycosylation
To date, many glycosylated analogs of various neuropeptides such
as deltorphin (Negri et al., 1999), Met-enkephalin (Polt et al.,
1994; Egleton et al., 2000), and Leu-enkephalin (Bilsky et al.,
2000) have shown improved analgesic activity after peripheral
administration. Structure-activity studies of enkephalin-based
opioid glycopeptides revealed that disaccharide derivatives were
significantly more potent than any of the monosaccharides after
peripheral administration (Elmagbari et al., 2004). However,
there are only limited reports of the characterization of endo-
morphin glycopeptides because only few potent derivatives have
been developed so far. Biondi et al. synthesized glycosylated
endomorphin-2 analogs by conjugating glucose or 2,3,4,6-tetra-
O-acetyl glucose with the hydroxyproline (Hyp) residue. The
MOP receptor binding affinity and agonist activity was abolished
in all of these analogs therefore the compounds were not further
investigated for their in vivo pain relieving activity (Biondi et al.,
2006).

N-terminal conjugation of endomorphin-1 with lactose succi-
namic acid resulted in a significant antinociception following oral
administration to CCI rats. This effect was comparable with that
of morphine, for which various oral dosage forms are currently
in clinical use (Varamini et al., 2012c). In contrast to morphine,
the pain-relieving effect of the lactose-endomorphin-1 analog was
selective to the injured hindpaw with insignificant effects pro-
duced in the contralateral hindpaw. This effect was antagonized
by naloxone, which indicated the key role of opioid receptors
(Varamini et al., 2012c).

CONCLUSION
Endomorphins have been shown to elicit a potent pain relieving
effect in different acute and neuropathic pain models in ani-
mals after central administration. More importantly this effect
is concomitant with little to no undesirable side effects asso-
ciated with the application of opioids like morphine. These
promising effects have been strong motivation for investigators
to design and synthesize a substantial number of endomor-
phin derivatives. Numerous studies report developments in our
understanding of the structure activity relationship properties,
bioactive conformation, physiological characterizations, in vivo
and in vitro biological activity of endomorphin analogs. Over
fifteen years since the discovery of endomorphins, investiga-
tions have led to the production of derivatives with acceptable
selectivity and MOP receptor-binding affinity. However, only lim-
ited progress has been made in the production of compounds
with outstanding metabolic stability and membrane permeabil-
ity, while retaining their pharmacodynamic properties. These are
critical criteria in the field of peptide drug delivery to over-
come the obstacles and succeed in the development of periph-
erally active and BBB-permeable analgesics suitable for clini-
cal applications. Thus far, two of the most successful strategies
have been shown to be glycosylation and lipid modification.
Two examples are the development of an orally active lactose-
modified and systemically effective LAA-conjugated derivative

of endomorphin-1 with high potential for the treatment of
neuropathic pain.

This review highlights the two modifications that have made
the most improvements to the therapeutic and side effect profile
of endomorphins. Presently potent and promising lead com-
pounds have been developed which are prospective to proceed
from research to the pharmaceutical industry. These achieve-
ments are the outcome of extensive research having been made
to develop opioid peptide-based analgesics like endomorphins for
the effective management of neuropathic pain.
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Targeted drug delivery to sites of inflammation will provide effective, precise, and safe
therapeutic interventions for treatment of diverse disease conditions, by limiting toxic side
effects and/or increasing drug action. Disease-site targeting is believed to play a major role in
the enhanced efficacy observed for a variety of drugs when formulated inside lipid vesicles.
This article will focus on the factors and mechanisms involved in drug targeting to sites
of inflammation and the importance of cell adhesion molecules, in particular intercellular
adhesion molecule-1, in this process.
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INTRODUCTION
Targeted delivery of therapeutics to sites of inflammation is an
important goal. The endothelium represents a key target for
pharmacological interventions in many disease conditions, includ-
ing rheumatological, cardiovascular, hematological, pulmonary,
and oncological (Koning et al., 2002; Metselaar and Storm, 2005;
Muro and Muzykantov, 2005; Ding et al., 2006). The goal of
endothelial targeting is to achieve specific and safe delivery of
a drug to, into, or across endothelial cells, in order to local-
ize effects in the lumen, desired intracellular endothelial cell
compartments, or extravascular space, thereby improving phar-
macological interventions. However, due to their lack of affinity
to the endothelium, only a small fraction of injected therapeu-
tics binds to endothelial cells (Ding et al., 2006). Progress in
understanding disease mechanisms provides better selection of
drugs for endothelial interventions and a deeper insight into
designing drug delivery carriers to target inflammatory specific
destinations.

DRUG TARGETING TO SITES OF INFLAMMATION
In inflamed tissues, the permeability of the vasculature is often
increased to the extent that particulate carriers, which are normally
excluded from these tissues, can extravasate and localize in the
tissue interstitial space. Endothelial cells also start to express sev-
eral types of adhesion molecules: the selectins, the integrins, and
the immunoglobulins, which mediate recruitment of leukocytes
into the inflamed tissue (Koning et al., 2002; Metselaar and Storm,
2005; Ding et al., 2006). Furthermore, the process of angiogenesis
(formation of new blood vessels from pre-existing vasculature)
may occur in several chronic inflammatory disorders, such as
rheumatoid arthritis, psoriasis, and inflammatory bowel disease
(Koning et al., 2002; Metselaar and Storm, 2005). In this com-
plex cascade of events, numerous cell-surface receptors, adhesion
molecules, and growth factors are involved, which may serve as
potential targets for therapeutic intervention.

Targeted intervention in inflammatory disease at the vascular
endothelial cell (VEC) level has great potential. Rational design
of such drug delivery systems includes: (1) selection of proper
target determinants on endothelial surfaces, such as cell adhe-
sion molecules (CAMs); (2) production of affinity ligands useful
for targeting, such as affinity peptides, antibodies, or their frag-
ments; (3) selection and adopting of suitable delivery vehicles,
such as liposomes; and (4) formulation of drug delivery sys-
tem with optimal targeting and therapeutic features (Ding et al.,
2006). Specific drug delivery should concentrate the drug at the
targeted site, increasing efficacy, and also decreasing side effects
in other tissues (Willis and Forssen, 1998; Maruyama, 2002).
This concept is particularly attractive in cancer therapy, where
the dose a patient can tolerate is limited due to high toxic-
ity to non-target cells. Targeted delivery to tumor tissue may
allow the use of lower drug-concentrations. Moreover, targeting
therapeutic agents to the vasculature of tumors offer additional
advantages; in particular blood vessels are more readily acces-
sible to intravenously administered therapy than tumor cells
(Bendas, 2001). In the same respects, targeted drug delivery of
opioid analgesics to peripheral opioid receptors upregulated at
sites of inflammation will significantly alleviate nociception with-
out the central opioid mediated side effects (Hua and Cabot,
2013).

TARGETING ADHESION MOLECULES
Adhesion molecules are glycoproteins expressed on cell sur-
faces, where they mediate the contact between two cells (both
homotypic and heterotypic interactions) or between cells and
the extracellular matrix. They are essential for the regulation
of immune cell responses and migration of inflammatory cells
from the blood vessels into inflamed tissues (Bloemen et al.,
1995; Mastrobattista et al., 1999). In fact, the expression of
particular CAMs [e.g., intercellular adhesion molecule-1 (ICAM-
1), E-selectin, P-selectin, vascular cell adhesion molecule-1
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(VCAM-1)] are locally induced or enhanced at areas of inflam-
mation (Bloemen et al., 1995; Spragg et al., 1997; Mastrobattista
et al., 1999; Koning et al., 2002; Sakhalkar et al., 2003; Muro
and Muzykantov, 2005; Voinea et al., 2005). Upregulated and/or
overexpressed CAMs can be found in a multitude of clinical dis-
eases where inflammation and immune cells are involved (e.g.,
ischemia-reperfusion injury, transplant rejection, and inflam-
matory diseases of the cardiovascular system, skin, kidneys,
gastrointestinal tract, brain, and liver; Bloemen et al., 1995; Spragg
et al., 1997; Mastrobattista et al., 1999; Koning et al., 2002; Muro
and Muzykantov, 2005). Additionally, tumor cells use adhesion
molecules to grow and spread throughout the body (Janssen et al.,
2003).

Of particular note is the implication of CAMs in the patho-
genesis of several rheumatic diseases. For example, rheumatoid
arthritis is a chronic inflammatory disease in which adhesion
molecules play an important role in the invasion of leukocytes into
synovial tissues, leading to tissue damage (Mojcik and Shevach,
1997; Metselaar et al., 2003). Not only have increased expression
of E-selectin, VCAM-1, and ICAM-1 been found on the vascular
endothelium of synovial tissues, but immunohistochemical stud-
ies have shown elevated levels of adhesion molecule expression in
ongoing inflammatory lesions (Mojcik and Shevach, 1997; Koning
et al., 2002). Although reduction or blockade of the expression or
function of a specific CAM is a possible therapeutic way to dimin-
ish infiltration and/or activation of inflammatory immune cells
in order to reduce inflammation, this approach is complicated by
the fact that most types of adhesion molecules are expressed on
more than one cell type, that most cells express more than one
adhesion molecule on their surface, and that several molecules
can function as a ligand for a single adhesion molecule (Mojcik
and Shevach, 1997; Koning et al., 2002). Importantly, blockade
of CAMs can interfere with functions of immune cells essential
for host defense (Mojcik and Shevach, 1997; Koning et al., 2002).
Induction and/or increased expression of certain CAMs at inflam-
matory loci associated with various diseases offers opportunities
for the development of new therapeutic strategies aimed toward
selective drug-targeting. Adhesion molecules represent an easily
accessible target molecule for therapeutics circulating in the blood
compartment (Bloemen et al., 1995; Koning et al., 2002; Metse-
laar and Storm, 2005; Muro and Muzykantov, 2005; Ding et al.,
2006).

INTERCELLULAR ADHESION MOLECULE-1
Intercellular adhesion molecules (ICAMs) are structurally related
transmembrane glycoproteins of the immunoglobulin supergene
family and are ligands for the β2 integrin molecules present on
leukocytes (Almenar-Queralt et al., 1995; Hubbard and Rothlein,
2000). Of the five ICAMs identified, ICAM-1 is the most exten-
sively studied (Koning et al., 2002; Muro and Muzykantov, 2005).
ICAM-1 specifically participates in trafficking of inflammatory
cells, in leukocyte effector functions, in adhesion of antigen-
presenting cells to T lymphocytes, in microbial pathogenesis,
and in signal transduction pathways through outside-in signaling
events (Almenar-Queralt et al., 1995; Hubbard and Rothlein, 2000;
Muro and Muzykantov, 2005). This adhesion molecule is local-
ized to both the apical and basolateral surface of endothelial cells,

making it ideally positioned to facilitate transendothelial migra-
tion of leukocytes (Almenar-Queralt et al., 1995). In fact, ICAM-1
(along with VCAM-1) is considered to represent the most impor-
tant adhesion molecule for leukocyte recruitment to inflamed sites
(Koning et al., 2002). Additionally, ICAM-1 has been shown to
exist in a soluble form in circulation, which results from proteolytic
cleavage mediated by neutrophil proteases (leukocyte elastase and
cathepsin G) in a process independent of ICAM-1 surface density
(Muro and Muzykantov, 2005).

Intercellular adhesion molecule-1 is widely distributed and
expressed constitutively at low levels on leukocytes, VECs, fibrob-
lasts, and epithelial cells. Although ICAM-1 is present in several
cell types, the level of expression is orders of magnitude lower
than that of VECs (Almenar-Queralt et al., 1995; Scholz et al.,
1996; Mojcik and Shevach, 1997; Hubbard and Rothlein, 2000;
Koning et al., 2002; Muro et al., 2003b, 2005; Muro and Muzykan-
tov, 2005). Stimulation of a variety of cells with inflammatory
cytokines such as interleukin-1 (IL-1), tumor necrosis factor-
α (TNF-α), and interferon-γ (IFN-γ) has been documented to
increase ICAM-1 expression on multiple cell types (Almenar-
Queralt et al., 1995; Scholz et al., 1996; Hubbard and Rothlein,
2000; Muro et al., 2003b, 2005; Muro and Muzykantov, 2005).
Strong upregulation of ICAM-1 is observed under inflamma-
tory conditions within 24 h (Scholz et al., 1996). In contrast
to the selectins, which are rapidly down regulated after induc-
tion, ICAM-1 and VCAM-1, once upregulated, remain on the
cell surface for more than 48 h (Koning et al., 2002). Infor-
mation on the internalization capacity of ICAM-1 is, however,
rather contradictory (Koning et al., 2002). Some authors report
the total absence of internalization on TNF-activated human
umbilical vein endothelial cells (HUVEC) or a rather slow pro-
cess of internalization by HUVECs, whereas others report on
(rapid) internalization of ICAM-1-binding peptides by lympho-
cytes, antibody-targeted liposomes or poly lactic-co-glycolic acid
(PLGA) nanoparticles by epithelial cells (Koning et al., 2002;
Chittasupho et al., 2009). In fact, it has been reported that
ICAM-1 internalization levels are practically indistinguishable
from background (<10% of surface expressed ICAM-1; Muro
and Muzykantov, 2005). These contradictory findings may not
only be attributed to the difference in cell types and targeting lig-
ands used, but also to the timeframe of the study (Koning et al.,
2002). It is therefore of great importance to test the internaliza-
tion capacity of the developed drug delivery system. Targeting
to non- or slow-internalizing epitopes may be of specific inter-
est for drugs that work at the luminal site of the VECs, whereas
fast-internalizing epitopes are interesting for drugs with an intra-
cellular address (Koning et al., 2002; Muro and Muzykantov,
2005).

Several adhesion molecules involved in the leukocyte adhe-
sion cascade, in principle, comply with the requirements for
achieving targeted delivery of drugs into VECs. However of
these, ICAM-1 represents an attractive target since it is a high-
density determinant stably exposed from the endothelial surface,
which is upregulated and functionally involved in inflamma-
tion (Almenar-Queralt et al., 1995; Scholz et al., 1996; Mojcik
and Shevach, 1997; Hubbard and Rothlein, 2000; Koning et al.,
2002; Muro et al., 2003b, 2005; Muro and Muzykantov, 2005).
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In particular, ICAM-1 seems to be well suited for drug tar-
geting to the luminal surface, due to ineffective internalization
of either monomolecular or large anti-ICAM conjugates (Muro
and Muzykantov, 2005). Potentially this will allow extravasa-
tion of the delivery carrier across the endothelial cells and
release of the therapeutic drug specifically into the inflamma-
tory site of action (Metselaar and Storm, 2005; Ding et al., 2006).
This feature distinguishes ICAM from other similarly prevalent
endothelial determinants all of which are rapidly internalized,
therefore leading to early release of the drug within the endothe-
lial cells themselves (Koning et al., 2002; Muro and Muzykantov,
2005).

Antibodies to CAMs are being explored as therapeutics and
delivery carriers in cell cultures, animal models, and early clin-
ical studies (Muro et al., 2005). A small number of studies have
demonstrated the validity of such an approach, in particular show-
ing specific binding and drug delivery to VECs in vitro and in vivo
(Bloemen et al., 1995; Spragg et al., 1997; Bendas et al., 1998; Mas-
trobattista et al., 1999; Kessner et al., 2001; Jaafari and Foldvari,
2002b; Koning et al., 2002; Asgeirsdottir et al., 2003; Everts et al.,
2003; Murciano et al., 2003; Muro et al., 2003a, 2005; Muro and
Muzykantov, 2005; Voinea et al., 2005; Ding et al., 2006). Presum-
ably, the specific and strong upregulation of these CAMs at sites of
inflammation still allows specific targeting to be observed. There-
fore, ICAM-1 targeting seems attractive, as this CAM shows basal
levels of expression on VECs in general, but is strongly upreg-
ulated on VECs at inflamed sites (Almenar-Queralt et al., 1995;
Scholz et al., 1996; Mojcik and Shevach, 1997; Hubbard and Roth-
lein, 2000; Koning et al., 2002; Muro et al., 2003b, 2005; Muro
and Muzykantov, 2005). These developments in drug targeting
to VECs will result in increasing knowledge on the role of the
endothelium in inflammatory disorders and will further improve
clinical therapy.

SELECTIVE INTERACTION WITH ICAM-1 AND UPTAKE BY TARGET CELLS
There are a number of potential modes of delivery of encap-
sulated therapeutics from ICAM-1 targeted carriers, which
will affect its therapeutic availability and action. Contradict-
ing results have been reported of the extent of internalization
of ICAM-1-directed carriers by endothelial cells (Koning et al.,
2002). The capacity of endothelial cells to uptake anti-CAM
multimeric conjugates may depend on the size of the parti-
cles, with conjugates having diameters from 100 to 300 nm
readily entering endothelial cells, whereas conjugates of larger
size (500 nm to 1 μm) remained attached to the cell sur-
face at 37◦C (Murciano et al., 2003; Muro et al., 2003a; Muro
and Muzykantov, 2005). The notion that small multimeric lig-
ands can undergo internalization within endothelial cells by
CAM-mediated endocytosis is of pharmacological and physiolog-
ical relevance (Murciano et al., 2003; Muro et al., 2003a; Muro
and Muzykantov, 2005). The signaling and cytoskeletal events
involved in endothelial internalization of anti-CAM conjugates
are similar to those triggered by CAM-clustering in course of
leukocyte adhesion and transmigration (Muro and Muzykantov,
2005). This parallelism supports the notion that intracellular
drug delivery mediated by anti-CAM conjugates may be fur-
ther enhanced in inflammation and pathological conditions that

activate such transduction pathways in endothelial cells (Muro and
Muzykantov, 2005).

In addition to delivering therapeutic cargoes intracellularly or
to the luminal surface to have an anti-inflammatory effect on
the endothelial cells involved in inflammation (Przewlocki and
Przewlocka, 2001; Stein et al., 2001), it is plausible for liposomes
under pathological conditions to extravasate through the endothe-
lial barrier directed by ICAM-1 on the surface of endothelial cells
at sites of inflammation to release drugs within the extravascu-
lar tissue space (Oku and Namba, 1994; Vingerhoeds et al., 1994;
Willis and Forssen, 1998; Koning et al., 2002; Antohe et al., 2004;
Metselaar and Storm, 2005).

FACTORS INFLUENCING TARGET ACCUMULATION IN INFLAMMATION
Drug targeting using liposomes as carriers holds much promise,
especially in reducing toxicity and targeting delivery to patho-
logical sites of inflammation (e.g., musculoskeletal conditions,
infection, burns, tumors) that are characterized by increased vas-
cular permeability (Oku and Namba, 1994; Vingerhoeds et al.,
1994; Yuan et al., 1994; Thurston et al., 1998; Willis and Forssen,
1998; Klimuk et al., 1999; Laverman et al., 1999; Bendas, 2001;
Koning et al., 2002; Maruyama,2002; Antohe et al., 2004; Metselaar
and Storm, 2005). Long-circulating liposomes are currently used
in targeted drug delivery to tumors and inflammatory regions, and
have shown impressive improvement of the therapeutic index of
encapsulated drugs (Oku and Namba, 1994; Torchilin, 1994, 1996;
Laverman et al., 1999; Bendas, 2001; Koning et al., 2002; Metselaar
and Storm, 2005; Ding et al., 2006). For example, rats and mice
with arthritis treated with a single intravenous (IV) injection of
sterically stabilized liposomes (SL) containing prednisolone phos-
phate resulted in complete remission of paw inflammation for 1
week in comparison to free drug (Metselaar and Storm, 2005).
Mechanistic studies showed that the increased therapeutic bene-
fit was a result of selective joint targeting (Metselaar and Storm,
2005).

Within inflamed tissues the permeability of the vasculature is
often increased to the extent that particulate carriers, which are
normally excluded from these tissues, can extravasate and local-
ize in the tissue interstitial space (Antohe et al., 2004; Metselaar
and Storm, 2005). This selective accumulation and increase in
drug concentration at inflamed target sites is due to the so-called
enhanced permeability and retention (EPR) effect (Maruyama,
2002; Metselaar and Storm, 2005). Inflammation results in a
dramatic change in blood vessel permeability as the capillary
vasculature undergoes structural remodeling to allow leukocyte
diapedesis into the peripheral tissue (Klimuk et al., 1999). The
width of the tight junctional regions between endothelial cells in
vivo has been reported to be from 12 to 20 nm (Antohe et al.,
2004), however exposure of endothelial cells to inflammatory
mediators increases permeability of the microvasculature, with
the formation of gaps of up to 1 μm (Antohe et al., 2004). In
fact, pore sizes ranging from 0.2 to 1.2 μm have been observed,
though the size and number of pores are dependent upon the
microenvironment of the pathological site (Klimuk et al., 1999;
Antohe et al., 2004). Observations using fluorescence and electron
microscopy have shown that SL can indeed extravasate beyond
the endothelial barrier, mainly in postcapillary venules, with
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SL ranging from 100 to 200 nm in diameter having a higher
probability of encountering the leaky vessels of the inflamed
tissue (Willis and Forssen, 1998; Antohe et al., 2004; Metse-
laar and Storm, 2005). Leukocytes are able to open intercellular
junctions of the endothelium monolayer by stimulating con-
traction of the endothelial cells or by causing a gap by passing
between the cells (Antohe et al., 2004). It is therefore plausible
that liposomal carriers may cross the monolayer in association
with leukocytes or migrate independently across gaps formed
in the monolayer by leukocyte migration (Klimuk et al., 1999;
Sipkins et al., 2000; Antohe et al., 2004; Metselaar and Storm,
2005).

Currently, systemic liposome targeting strategies investigated
are able to deliver no more than a few percent of the admin-
istered dose to their desired sites in vivo (Willis and Forssen,
1998). Although these formulations represent significant improve-
ments over corresponding conventional drug therapies, much
of the administered dose is still delivered to non-targeted tis-
sues (Willis and Forssen, 1998). For example, a biodisposition
study of polyethylene glycol (PEG)-coated lipid microspheres
of indomethacin in arthritic rats reported an overall drug tar-
geting efficiency of 7.5-fold higher than the conventional lipid
microspheres (Palakurthi et al., 2005). The enhanced accumula-
tion of the drug in the inflammatory tissue may be attributed
to extravasation through the leaky vasculature and their possi-
ble uptake by circulating monocytes, which would subsequently
be concentrated in the rheumatic joints (Palakurthi et al., 2005).
Importantly, formulation as lipid microspheres drastically reduced
the concentration of the drug in the brain (Cmax) from 1.73 to
0.69 μg/g of the tissue, thereby reducing central nervous sys-
tem (CNS) adverse effects (Palakurthi et al., 2005). PEG-coated
lipid microspheres further reduced the concentration to 0.58 μg/g
(Palakurthi et al., 2005). The lower accumulation in sensitive non-
target tissues (e.g., brain, kidneys) may be due to the reduced
availability of the free drug in the blood (Palakurthi et al., 2005).
It should be noted that the blood–brain barrier is often the
rate-limiting factor in determining permeation of therapeutic
drugs into the brain due to both physical (tight junctions) and
metabolic (enzymes) barriers (Rousseau et al., 1999; Schmidt
et al., 2003). Thus liposomal carriers are only able to localize
in the brain more efficiently when this barrier has been altered
(Rousseau et al., 1999; Schmidt et al., 2003; Palakurthi et al.,
2005).

Attachment of target-specific ligands to the liposome surface
(active targeting) has been shown to further enhance targeting
to specific cells or tissues (Senior, 1987; Torchilin, 1994, 1996;
Vingerhoeds et al., 1994; Willis and Forssen, 1998; Bendas, 2001;
Maruyama, 2002; Ulrich, 2002). Targeting endothelial cells by
exploiting cell-specific surface markers has been widely investi-
gated in vitro (Bloemen et al., 1995; Willis and Forssen, 1998;
Koning et al., 2002; Muro and Muzykantov, 2005; Ding et al.,
2006). Liposomes have been modified with ligands that can
selectively interact with E-selectin (Bendas et al., 1998; Kessner
et al., 2001; Everts et al., 2003), ICAM-1 (Bloemen et al., 1995;
Willis and Forssen, 1998; Mastrobattista et al., 1999; Sipkins et al.,
2000; Jaafari and Foldvari, 2002a,b; Muro and Muzykantov, 2005;
Ding et al., 2006) and VCAM-1 (Voinea et al., 2005) molecules

that are upregulated on the surface of endothelial cells following
activation by inflammatory signals. For example, P0-peptide-1
linked to liposome surfaces is capable of mediating the spe-
cific binding of liposomes to melanoma cells expressing high
levels of ICAM-1, thus making it possible to target cancerous
melanocytes in lymph nodes and skin melanomas (Jaafari and
Foldvari, 2002b). Most of the work with liposomes in inflam-
matory disorders are based on imaging agents, with only few in
vivo studies having been conducted using ligand-targeted lipo-
somes incorporating therapeutic agents (Metselaar and Storm,
2005). For example, the biodistribution and target localization
of E-selectin-targeted dexamethasone-containing liposomes was
examined in a murine delayed-type hypersensitivity model, which
reported enhanced uptake by activated endothelium at inflamed
sites as compared with control tissue (Everts et al., 2003). Simi-
larly, selective interaction with target cells following extravasation
of targeted liposomes into the inflamed tissue has hardly been
addressed in vivo (Metselaar and Storm, 2005). Boot et al. (2005)
reported that the surface receptor CD134, specifically expressed by
auto-aggressive T cells at sites of inflammation, could efficiently be
targeted by liposomes modified with anti-CD134 antibody. It was
observed that encapsulation of 5′-fluorodeoxyuridine dipalmitate
in these liposomes could lead to inactivation of auto-aggressive
T cells and amelioration of experimental arthritis (Boot et al.,
2005). In addition, loperamide-encapsulated ICAM-1 targeted
immunoliposomes have been shown to induce significant periph-
eral antinociceptive and anti-inflammatory activity in rats with
complete Freund’s adjuvant-induced inflammation of the paw
via an opioid receptor dependent mechanism (Hua and Cabot,
2013).

This phenomenon of disease-site targeting is believed to play
a major role in the enhanced efficacy observed for a variety of
drugs when formulated inside lipid vesicles (Oku and Namba,
1994; Vingerhoeds et al., 1994; Torchilin, 1996; Willis and Forssen,
1998; Bendas, 2001; Maruyama, 2002; Ulrich, 2002). Formula-
tion of ICAM-1-directed sterically stabilized immunoliposomes
(SIL) will not only allow prolonged circulation but also active
targeting to sites of inflammation (Bloemen et al., 1995; Willis
and Forssen, 1998; Koning et al., 2002; Muro and Muzykan-
tov, 2005; Ding et al., 2006). Such drug carriers may escape
from the gaps between adjacent endothelial cells and openings
at the vessel termini during inflammation by passive convective
transport and/or ligand-directed targeting (Antohe et al., 2004;
Metselaar and Storm, 2005). It is also plausible that some lipo-
somes can attach onto activated leukocytes undergoing diapedesis
into inflammatory sites (Sipkins et al., 2000), as CAMs such as
ICAM-1 are expressed not only on the surface of vascular endothe-
lium and neurones, but also by activated T lymphocytes (Sipkins
et al., 2000; Koning et al., 2002; Hua et al., 2006). This field of
research of targeting therapeutics to sites of inflammation spe-
cific to pathological disease states will improve the efficacy of
therapeutic agents and reduce the toxicity to other parts of the
body.
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Sustained delivery of analgesic agents at target sites remains a critical issue for effective
pain management.The use of nanocarriers has been reported to facilitate effective delivery
of these agents to target sites while minimizing systemic toxicity. These include the
use of biodegradable liposomal or polymeric carriers. Of these, liposomes present as an
attractive delivery system due to their flexible physicochemical properties which allow easy
manipulation in order to address different delivery considerations. Their favorable toxicity
profiles and ease of large scale production also make their clinical use feasible. In this
review, we will discuss the concept of using liposomes as a drug delivery carrier, their in
vitro characteristics as well as in vivo behavior. Current advances in the targeted liposomal
delivery of analgesic agents and their impacts on the field of pain management will be
presented.
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INTRODUCTION
Targeted drug delivery provides effective, precise, and safe ther-
apeutic interventions for treatment of diverse disease conditions,
by limiting toxic side effects and/or increasing drug action. Effec-
tive drug targeting depends on several factors that are either
carrier or target related. The drug carrier must be stable, pro-
tect the drug from degradation, protect the body from harmful
side effects, and allow delivery to the target cell population in
vivo (Koning et al., 2002). The target must be well accessible for
the drug-targeting system and must display specific cell-surface
molecules that allow selective targeting and efficient drug deliv-
ery (Vingerhoeds et al., 1994; Willis and Forssen, 1998; Ding et al.,
2006). The field of site-specific drug delivery has been contin-
uously explored to develop formulations with a therapeutically
acceptable degree of target specificity. Many different approaches
using various physical and biochemical principles have been pro-
posed and examined, with targeted liposomes as a carrier for
both hydrophobic and hydrophilic drugs having attracted much
attention.

LIPOSOMES AS DRUG DELIVERY CARRIERS
Liposomes have long been considered good candidates for effi-
cient drug carrier and delivery systems. They have been used
as delivery vehicles for stabilizing drugs, overcoming barriers
to cellular and tissue uptake, and for directing their contents
toward specific sites in vivo (Senior, 1987; Oku and Namba,
1994; Vingerhoeds et al., 1994; Woodle et al., 1994; Torchilin,
1996; Willis and Forssen, 1998; Bendas, 2001; Maruyama, 2002;
Moghimi and Szebeni, 2003; Metselaar and Storm, 2005; Ding
et al., 2006). The unique ability of liposomes to entrap drugs
both in an aqueous and a lipid phase make such delivery systems
attractive for hydrophilic and hydrophobic drugs. Hydropho-
bic molecules are intercalated within the bilayer membrane, and

hydrophilic molecules can be entrapped in the internal aqueous
region. Additionally, by virtue of their large aqueous interior and
biocompatible lipid exterior, they offer a possible means of local
delivery of a large variety of drug structures, from small molecules
to macromolecules such as proteins and DNA, to the site of interest
while reducing systemic toxicity (Senior, 1987; Oku and Namba,
1994; Torchilin, 1996; Ulrich, 2002; Sahoo and Labhasetwar, 2003;
Ding et al., 2006).

Liposomes offer several advantages over other delivery systems.
Liposomes are generally considered non-toxic, biodegradable, and
non-immunogenic, as they are typically composed of naturally
occurring lipids. Association of a drug with liposomes generally
prolongs circulation half-life, reduces volume of distribution, and
lowers systemic toxicity. Moreover, the drug is protected from
early degradation, inactivation, and dilution in circulation (Oku
and Namba, 1994; Torchilin, 1996; Laverman et al., 1999; Ulrich,
2002; Sahoo and Labhasetwar, 2003). In vivo behavior of lipo-
somes can be easily modified by changing their characteristics,
such as size, lipid composition, and charge (Senior, 1987; Oku
and Namba, 1994; Willis and Forssen, 1998; Laverman et al., 1999;
Ulrich, 2002). In addition, the liposome surface can be modi-
fied with polymer structures such as poly(ethylene glycol) (PEG),
which inhibits macrophage uptake and thereby increases liposome
circulation time, and with targeting moieties such as antibod-
ies or peptides (Senior, 1987; Oku and Namba, 1994; Torchilin,
1994; Woodle et al., 1994; Maruyama, 2002; Moghimi and Szebeni,
2003). Site-directing ligands incorporated into the liposome mem-
brane surface therefore have been investigated intensely in an
effort to further enhance the selectivity of liposomal drug delivery
(Sawant and Torchilin, 2012; Allen and Cullis, 2013; Koshkaryev
et al., 2013). Unlike solid polymeric carrier systems, liposome
membranes are dynamic structures, allowing surface-coupled lig-
ands a greater degree of freedom with the ability to move about
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within the bilayer plane, positioning themselves for optimal sub-
strate interactions (Willis and Forssen, 1998). Critical factors
for successful in vivo delivery of ligand-targeted liposomes will
involve selection of accessible and appropriate targets, use of lig-
ands with adequate selectivity and affinity for these targets, and
suitable liposome surface coupling methods for correct presen-
tation of ligands to their binding sites (Vingerhoeds et al., 1994;
Torchilin, 1996; Willis and Forssen, 1998; Metselaar and Storm,
2005; Ding et al., 2006). The benefit of liposomes as therapeutic
carriers stimulates the accumulation of novel experiences in the
practical aspects of liposomes, as well as new developments in basic
research.

IN VIVO STABILITY, BIODISTRIBUTION, AND
BIOAVAILABILITY OF LIPOSOMES
Several major hurdles must be overcome in order to prolong
liposome circulation times. These include stabilizing the vesi-
cles against leakage of entrapped contents, avoiding opsonization,
and minimizing removal by the reticuloendothelial system (RES;
Willis and Forssen, 1998). The rate at which liposomes are cleared
depends on their size, surface charge, and stability (Oku and
Namba, 1994; Laverman et al., 1999; Ishida et al., 2001; Ulrich,
2002). The presence of a high electrostatic surface charge pro-
motes the interaction of liposomes with biomolecules that could
serve as opsonins and with cells (Laverman et al., 1999; Ishida et al.,
2001). In general, unmodified large liposomes are cleared more
rapidly than small, neutral, or positively charged liposomes (Oku
and Namba, 1994; Laverman et al., 1999; Ishida et al., 2001; Ulrich,
2002). Previous studies have demonstrated that the liver removes
large, charged liposomes rapidly, with spleen clearance half-life
of less than 1 h (Chrai et al., 2002). The presence of cholesterol is
another important factor both for enhancing stability against leak-
age and in minimizing phospholipid exchange (Willis and Forssen,
1998; Laverman et al., 1999). This minimizes lipid exchange with
other structures in the circulation (red blood cells, lipoproteins),
which can lead to depletion of the high phase transition temper-
ature lipids and their replacement with less physiologically stable
components (Willis and Forssen, 1998; Laverman et al., 1999;
Ulrich, 2002).

A major concern in using liposomes for therapeutic purposes
is their fast removal from blood circulation by components of the
RES. The RES is the major site of liposome accumulation after sys-
temic administration. Primary organs associated with the RES are
the liver, spleen, kidneys, lungs, bone marrow, and lymph nodes
(Senior, 1987; Oku and Namba, 1994; Vingerhoeds et al., 1994;
Ishida et al., 2001; Chrai et al., 2002). The liver exhibits the largest
capacity for uptake, whereas the spleen can accumulate liposomes
so that its tissue concentration is 10-fold higher than those of other
organs (Chrai et al., 2002). Removal of liposomes from the blood is
attributed to phagocytic cells that reside in the RES and is mediated
through direct interactions between those cells and the lipo-
somes (Senior, 1987; Oku and Namba, 1994; Vingerhoeds et al.,
1994; Ishida et al., 2001; Chrai et al., 2002). Although clearance
of liposomes by the RES occurs predominantly after opsoniza-
tion of the vesicles, that is the adsorption of plasma proteins
(e.g. immunoglobulins, fibronectin, complement components,
C-reactive protein) onto their surface, in vitro studies have shown

that liposomal uptake into macrophages can also occur in the
absence of serum proteins (Ishida et al., 2001; Chrai et al., 2002).
The extent of opsonization decreases with a decrease in liposome
size from 800 to 200 nm in diameter (Chrai et al., 2002). Small
liposomes could not support opsonic activity, whereas the larger
ones did so substantially. The profound effect of size on comple-
ment recognition affects liver uptake, depending on the extent of
liposome opsonization (Laverman et al., 1999; Ishida et al., 2001;
Chrai et al., 2002). One of the major steps in improving circulation
time and preventing removal by RES was sterically stabilizing the
liposomes through the introduction of PEG modification (Oku
and Namba, 1994; Torchilin, 1994, 1996; Vingerhoeds et al., 1994;
Woodle et al., 1994; Willis and Forssen, 1998; Maruyama, 2002;
Ulrich, 2002; Moghimi and Szebeni, 2003). More specifically,
stabilization of liposomes with PEG creates a local surface con-
centration of highly hydrated groups which sterically inhibits both
electrostatic and hydrophobic interactions with a variety of serum
proteins or cells, thus resulting in a reduced uptake by cells of the
RES (Ishida et al., 2001). Many targeting systems with promising
outlook based on in vitro results have faced the above problems
when tested in vivo (Sahoo and Labhasetwar, 2003). Therefore,
having an understanding of the events that take place in vivo
is essential for the design of particles with optimal circulation
profiles.

The accumulation of liposomes at the target site is a prerequi-
site but does not necessarily guarantee a therapeutic effect of the
encapsulated drug. Therefore, the crucial role of the liposome-cell
interaction has to be taken into account (Vingerhoeds et al., 1994;
Willis and Forssen, 1998; Ulrich, 2002). Multiple factors such as
activation state of the target cell or size, charge, sterical stabiliza-
tion, and pH-dependence of the liposomes have an important
impact on this interaction (Vingerhoeds et al., 1994; Willis and
Forssen, 1998; Laverman et al., 1999; Ulrich, 2002; Muro and
Muzykantov, 2005). The cellular incorporation of liposomal con-
tent can occur in different ways: (i) extracellular release of the
soluble content and uptake via diffusion or pore formation; (ii)
liposomal fusion within the cell membrane followed by an intra-
cellular release of the liposomal content; and (iii) active uptake
of the liposomes via an endocytotic or phagocytotic pathway
(Vingerhoeds et al., 1994; Willis and Forssen, 1998; Bendas, 2001;
Ulrich, 2002). In receptor-mediated endocytosis, small particles
(<150 nm diameter) bind to cell surface receptors and are taken
up by clathrin-coated pits to form coated vesicles. After internal-
ization, the clathrin coat is removed and the vesicle fuses with
lysosomes, which induces the breakdown of the lipids and release
of their contents. Large particles (>150 nm), on the other hand,
are taken up principally by phagocytosis, which is usually limited
to specific cells such as macrophages but can be induced in many
other cell types with appropriate ligands. In both cases, liposomes
could either be degraded in the low pH environment, or they
could fuse directly with the endosomal or lysosomal membrane
(Willis and Forssen, 1998; Ulrich, 2002). In addition, macro-
molecules can cross the endothelial barrier in three ways: (Koning
et al., 2002) between the cells, through cell junctions (paracellu-
lar); (Ding et al., 2006) through the endothelial cell, via pores;
and (Vingerhoeds et al., 1994) transcellularly, via shuttling vesicles
and specific receptors (van Hinsbergh, 1997; Antohe et al., 2004).
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It is generally believed that the charge and compactness of the
endothelial matrix contribute additionally to the selectivity of the
endothelial barrier toward molecules of different size and charge
(van Hinsbergh, 1997).

LIPOSOMES – THERAPEUTIC OPPORTUNITIES
The use of liposomes as drug sustained release systems or as drug
delivery systems for passive targeting is well established, with sev-
eral drug formulations in the clinic or in late clinical trials (Sawant
and Torchilin, 2012; Allen and Cullis, 2013; Koshkaryev et al.,
2013). Several laboratories have reported the use of liposomes
as drug carriers in the treatment of cancer, fungal diseases, and
inflammatory or immune diseases (Oku and Namba,1994; Vinger-
hoeds et al., 1994; Woodle et al., 1994; Willis and Forssen, 1998;
Sahoo and Labhasetwar, 2003; Metselaar and Storm, 2005). Inno-
vative research in liposomal drugs has led to commercialization
of several liposomal formulations, including anticancer therapeu-
tics (Doxil® and Myocet®) and an antifungal drug formulation
(AmBisome®). These products have demonstrated improved ther-
apeutic indices over their corresponding conventional drugs by
avoiding sensitive tissues and/or increasing delivery to specific
targets in vivo (Oku and Namba, 1994; Vingerhoeds et al., 1994;
Willis and Forssen, 1998). Liposomes offer several advantages over
other delivery systems including biocompatibility, capacity for
self-assembly, ability to carry large payloads of active agent, and
a wide range of physical properties that can be modified to con-
trol their biological properties (Senior, 1987; Woodle et al., 1994;
Torchilin, 1996; Willis and Forssen, 1998; Bendas, 2001; Moghimi
and Szebeni, 2003). Additionally, the delivery system itself is
pharmacologically inactive with minimal toxicity, and is readily
metabolized and cleared from the circulation once its carrier func-
tion has been completed (Willis and Forssen, 1998). An advantage
that liposomes possess over solid particulate delivery systems is
their ability to transport and deliver biologically active molecules
without the need for covalent coupling (Willis and Forssen, 1998).
To improve upon these therapies, clinically active liposomal deliv-
ery systems may need to include site-directed surface ligands to
further enhance their selective delivery. The concept of drug tar-
geting and controlled drug delivery is used in attempts to improve
the therapeutic index of drugs by increasing their localization to
specific organs, tissues, or cells and by decreasing their activity
and potential toxic side effects in normal organs (e.g. heart, liver,
or kidneys). This concept is especially important for drugs with
a narrow therapeutic window which has the potential of having
detrimental effects (Vingerhoeds et al., 1994; Willis and Forssen,
1998; Bendas, 2001; Maruyama, 2002).

USE OF NANOCARRIERS FOR PAIN THERAPIES
Drug delivery systems have been used in pain therapies to improve
toxicity or side effect profiles by targeted delivery to specific sites
in the body, increase drug upload or bioavailability, and to pro-
vide prolonged drug release. For example, an area of interest has
been the delivery of opioid-based compounds to target periph-
eral opioid receptors within injured tissue to promote analgesic
and anti-inflammatory activity (Hua and Cabot, 2010). It is well-
established that many conventional opioid agonists have been
shown to produce potent opioid receptor mediated analgesia when

administered locally into injured tissue of rodents, non-human
primates, and humans (Stein et al., 2001, 2003; Rittner and Stein,
2005; Rittner et al., 2005). However, with increased blood flow
secondary to inflammation, drugs may still be absorbed into the
systemic circulation, leading to side effects mediated by activation
of central or peripheral opioid receptor activity (e.g., sedation,
respiratory depression, dependence, tolerance, nausea, or consti-
pation) (Stein et al., 2001, 2003; Menendez et al., 2005; Rittner
et al., 2005; Rittner and Stein, 2005; Sevostianova et al., 2005).
This area of research of applying targeted drug delivery and the
use of nanocarriers in the management of pain is a novel and excit-
ing area of research, with much potential for growth and clinical
benefits. The remainder of the review will focus on the progress
made in this area of research in experimental and clinical studies
(Figure 1).

EXPERIMENTAL USE OF NANOCARRIERS FOR PAIN
THERAPIES
Nanosystems used for delivering compounds intended for pain
therapies, such as local anesthetics (de Paula et al., 2012) or non-
steroidal anti-inflammatory drugs (NSAIDS), have been reviewed
previously (Puglia et al., 2013). The encapsulation of local anes-
thetics into liposomes, for instance, presents advantages such
as slow release, prolonged duration of action, reduced plasma
concentrations, and low toxicity to the central nervous and car-
diovascular systems. A number of pre-clinical studies have been
conducted encapsulating local anesthetics, such as bupivacaine
or lidocaine, into multilamellar or unilamellar liposomes using
different phospholipid and pH combinations (de Paula et al.,
2012). These studies report increased duration of anesthesia and
sensory blockade following parenteral administration of these
formulations.

Targeted delivery of glucocorticosteroids has been widely stud-
ied for the treatment of rheumatoid arthritis and other inflam-
matory joint conditions (Metselaar et al., 2003, 2004; Metselaar
and Storm, 2005). Although corticosteroids are not classified as
an analgesic, the pain relieving effects are secondary to their
anti-inflammatory activity. Long-circulating PEGylated liposomes
containing methylprednisolone or betamethasone have been used
to treat Lewis rats with adjuvant-induced arthritis (AIA) both at
early (before clinical signs appear) and late (at the peak of the
disease) stages of the disease (Avnir et al., 2008). In addition,
Ulmansky et al. (2012) showed that intravenous treatment with
sterically stabilized nano-liposomes (NSSL) encapsulated with
methylprednisolone or betamethasone significantly decreased the
severity of adjuvant arthritis in Lewis rats throughout all disease
stages. They reported that both subcutaneous and intravenous
administration of glucocorticoid-encapsulated NSSL was able to
suppress arthritis significantly compared to higher doses of the
free drugs or to TNF-α antagonists (Ulmansky et al., 2012).

Non-steroidal anti-inflammatory drugs have long been used
as an analgesic and anti-inflammatory agent. However, they are
associated with numerous interactions with other medications
and have serious side effects to the gastrointestinal tract, kid-
neys, and cardiovascular system (Rittner et al., 2005; Warner and
Mitchell, 2008). Nanocarriers have been used to enhance the effi-
cacy and reduce the toxicity of NSAIDs by targeted delivery to
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FIGURE 1 | Use of nanocarriers for pain management.

the site of inflammatory pain. A number of topical and par-
enteral nano-formulations have been utilized and have shown
success in preclinical studies (Bansal et al., 2007; Raffin et al.,
2012; Tarţău et al., 2012; Dong et al., 2013; Puglia et al., 2013).
Dong et al. (2013) recently demonstrated that celecoxib-loaded
liposomes embedded into hyaluronate gel was more effective
than either single agent in pain control and cartilage protection
in a rabbit knee osteoarthritis model following intra-articular
injection.

Targeted nanoparticles have recently been engineered to deliver
opioids, in particular loperamide HCl, specifically to periph-
eral opioid receptors to induce analgesic and anti-inflammatory
actions for use in painful inflammatory conditions (Hua and
Cabot, 2013). Loperamide is a peripherally-selective mu-opioid
receptor agonist that does not have analgesic effects follow-
ing intravenous or oral application due to its physicochemical
properties. These nanoparticles are conjugated with antibodies
targeted against intercellular adhesion molecule-1 (anti-ICAM-
1) which mimics the properties of opioid-containing immune
cells. These targeted nanoparticles produced highly significant
analgesic and anti-inflammatory effects over the 48-h time
course studied following intravenous administration in rats
with Complete Freund’s Adjuvant-induced inflammation of the
paw. Biodistribution data demonstrated specific localization of
the targeted nanoparticles to peripheral inflammatory tissue

with no significant uptake into the brain (Hua and Cabot,
2013). Other sustained release systems have also been engi-
neered to prolong the duration of action of opioid analgesics
(Ward et al., 2013).

A number of non-lipid-based nanocarrier formulations have
also been studied to improve the oral (Martín-Banderas et al.,
2012; Tang et al., 2012), intranasal (Kumar et al., 2013; Patel et al.,
2013), and CNS delivery of analgesic agents (Liu et al., 2006;
Tosi et al., 2007; Chen et al., 2013). Local or systemic adminis-
tration of endogenous opioid peptides (e.g. β-endorphin) is not
viable due to its short half-life in the blood and within inflamed
tissue. Liu et al. (2006) demonstrated that opioid peptides, in
particular endomorphin-1, adsorbed onto the surface of butyl-
cyanoacrylate nanoparticles and coated with polysorbate 80 could
penetrate the blood-brain barrier following intravenous admin-
istration to cause analgesia. Tosi et al. (2007) investigated the
in vivo antinociceptive efficacy of peptide-derivatised nanopar-
ticles loaded with loperamide HCl for delivery to central opioid
receptors, and reported a peak percentage of maximum possi-
ble effect (% MPE) of 60% at 4 h and a significant sustained
release effect for 6 h after tail vein injection of a dose equiva-
lent of 0.7 mg of loperamide HCl in Wistar rats. In addition,
Chen et al. (2013) showed that nanoparticles consisting of lop-
eramide and PLGA-PEG-PLGA triblock copolymer coated with
poloxamer 188 or polysorbate 80 had improved penetration
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across the blood-brain barrier in comparison to PLGA-PEG-PLGA
nanoparticles and PLGA nanoparticles. These studies demonstrate
that the use of surface modification for nanoparticles is an effi-
cient strategy to deliver opioid analgesics to specific sites in the
body.

CLINICAL USE OF NANOCARRIERS FOR PAIN THERAPIES
Although liposomes and nanoparticles present an exciting oppor-
tunity to improve the management of a variety of painful condi-
tions, current clinical use is limited and few products appear to be
in use for human clinical trials. Liposome encapsulation of local
anesthetics, NSAIDs, and opioids has been studied in humans with
promising results. For example, liposomal formulations of local
anesthetics have been demonstrated to provide significantly pro-
longed pain relief after surgical procedures and in chronic cancer
(de Paula et al., 2012). Gorfine et al. (2011) compared the magni-
tude and duration of postoperative analgesia from a single dose of
bupivacaine extended-release injection with placebo administered
intraoperatively via wound infiltration in 184 patients undergoing
hemorrhoidectomy in a multicenter, randomized, double-blind,
placebo-controlled trial. The results showed that the liposomal
formulation significantly reduced pain over 72 h and decreased
opioid requirements, compared to placebo (Gorfine et al., 2011).
Similarly, Lafont et al. (1996) reported prolonged pain relief in a
patient with chronic cancer that lasted for 11 h after injection of
a liposomal bupivacaine formulation, compared to 4 h for plain
bupivacaine.

The efficacy of topical liposomal NSAID-based formulations
has also been demonstrated in clinical studies (Puglia et al.,
2013). For example, indomethacin-loaded liposomes incorpo-
rated into hydrogels were studied in UVB-induced erythema on
healthy human volunteers. The results provided a more prolonged
anti-inflammatory effect in comparison to a gel formulation con-
taining free drug, allowing a sustained release of the drug to deeper
skin layers (Puglia et al., 2004).

Strategies to restrict the access of opioid agonists to the CNS
have also been of major interest in pain research (Menendez
et al., 2005; Sevostianova et al., 2005). With regards to incorpo-
ration of hydrophilic opioids into liposomal formulations, an
extended-release morphine preparation based on a multivesicu-
lar lipid suspension foam technology is available in the United
States (Rose et al., 2005; Viscusi et al., 2005). This preparation
is indicated for pain relief after major surgery (e.g., orthopedic
surgery involving lower extremities, lower abdominal surgery, or
cesarean delivery) as a single lumbar epidural injection. Stud-
ies have demonstrated effective, dose-related analgesia for up to
48 h after a single dose (Rose et al., 2005; Viscusi et al., 2005).
Although the safety profile was largely consistent with those for
other epidurally administered opioid analgesics, systemic adverse
effects were still reported. In fact, the rate of respiratory depres-
sion was higher in the liposomal morphine group compared
with the intravenous patient controlled analgesia (PCA) fentanyl
group, which suggest that patient characteristics are important
in choosing an appropriate dose of liposomal morphine (Vis-
cusi et al., 2005). While benefits were seen with its use following
cesarean section (Carvalho et al., 2007), another study showed
no benefit over traditional opioids following abdominal surgery

with breakthrough pain relief still required and a similar side
effect profile to traditional opioids (Gambling et al., 2005). To
date, the clinical studies for pain therapies have only investi-
gated the use of conventional liposomes which permits passive
targeting. It is anticipated that the use of ligand-targeted nanocar-
riers (active targeting) for pain therapies will further improve
the efficacy and side effect profile of the conventional liposome
formulations.

CONCLUSION
This phenomenon of disease-site targeting is believed to play a
major role in the enhanced efficacy observed for a variety of drugs
when formulated inside lipid vesicles. Despite the clinical need, the
use of nano-based therapeutics to target and treat inflammation
and pain is only beginning to be exploited. The use of drug-loaded
liposomes for this application would be promising for a multitude
of acute and chronic pain conditions (e.g., post-operative pain,
visceral cancer pain, rheumatoid arthritis, or neuropathic pain).
Their use will ultimately lead to improved efficacy, increased dura-
tion of action, and improved side effect profile of analgesic and
anti-inflammatory therapeutics.
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Pain from the female reproductive tract (FRT) is a significant clinical problem for which
there are few effective therapies. The complex neuroanatomy of pelvic organs not only
makes diagnosis of pelvic pain disorders difficult but represents a challenge to development
of targeted therapies. A number of potential therapeutic targets have been identified on
sensory neurons supplying the FRT but our knowledge on the basic neurophysiology of
these neurons is limited compared with other viscera. Until this is addressed we can only
guess if the new experimental therapies proposed for somatic, gastrointestinal, or bladder
pain will translate to the FRT. Once suitable therapeutic targets become clear, the next
challenge is drug delivery. The FRT represents a promising system for topical drug delivery
that could be tailored to act locally or systemically depending on formulation. Development
of these therapies and their delivery systems will need to be done in concert with more
robust in vivo and in vitro models of FRT pain.

Keywords: pelvic pain, vagina, cervix, uterus, drug delivery

INTRODUCTION
Pain syndromes represent one of the major challenges of neu-
rology. Pain has many definitions but essentially it is a concept
generated across the brain in response to internal or external
stimuli that the individual associates with real or perceived tissue
damage or imminent threat (Merskey and Bogduk, 1994). Pain is
difficult enough to treat when it arises from a relatively straightfor-
ward injury to a defined region like a small piece of skin or a single
joint. Pain from pelvic organs, particularly the reproductive tract,
is notoriously difficult to treat. In this review we will examine
the complex and unique innervation of the female reproduc-
tive tract (FRT), current treatments and the potential for topical
therapies.

The prevalence of transient pelvic pain (usually dysmenorrhea)
has been placed as high as 70–80% of women surveyed while
chronic pelvic pain was reported at >20% (Hillen et al., 1999;
Pitts et al., 2008). Ten percent of outpatient gynecological visits
are for intractable pelvic pain (Ryder, 1996), and pelvic pain is
the primary reason for 12–18% of hysterectomies (Kramer and
Reiter, 1997). United kingdom estimates from 2000 placed direct
healthcare costs at £158 million (Stones et al., 2000) whereas 1996
data from the USA placed patients’ out of pocket expenses at $1.9
billion dollars and indirect costs due to time off work at over $500
million (Mathias et al., 1996). Importantly many women do not
seek treatment for their pain (Mathias et al., 1996).

Chronic pelvic pain is further divided into “specific disease-
associated pelvic pain” and “chronic pelvic pain syndrome”
where the underlying pathology remains obscure (International
Association for the Study of Pain, 2011). Pelvic pain may
arise from a number of structures, both somatic (e.g., stri-
ated pelvic floor muscles), and visceral (reproductive tract,
bladder, and lower bowel). Focusing on reproductive struc-
tures, clinical observations have identified numerous predictors

of chronic pelvic pain including endometriosis, pelvic inflam-
matory disease, childbirth, and urinogenital atrophy fol-
lowing menopause (Giamberardino, 2008; Lara et al., 2009;
Paterson et al., 2009).

THE COMPLEX NATURE OF PAIN FROM THE FRT
Sexual behavior and reproduction rely on the integration of
nervous and hormonal signals to a widely distributed col-
lection of structures. The external genitalia are essentially
somatic structures and the distribution of sensory axons and
their neurochemical coding are similar to cutaneous tissues
(Martin-Alguacil et al., 2008; Moszkowicz et al., 2011; Vilimas
et al., 2011). Sensory neurons innervating the hollow organs
show different patterns of neurochemical expression compared
with those that supply somatic structures (skin, muscle, and
joints; Cervero and Laird, 2004; Song et al., 2009) and marked
differences in central axons termination in the spinal cord
(Sugiura et al., 1989, 1993).

Pain arising from the vagina, cervix, and uterus is an example of
visceral nociception – or pain that comes from distension, injury,
or inflammation of hollow organs (Cervero and Laird, 1999).
Visceral pain is diffuse, poorly localized, often referred to other
body regions, and can be accompanied by disrupted motor and
autonomic reflexes (Janig and Morrison, 1986; McMahon, 1997;
Westlund, 2000).

EXTERNAL GENITALIA
The most widely reported pain syndromes associated with exter-
nal genitalia are the vulvodynias (Petersen et al., 2008; Fugl-Meyer
et al., 2012). These have a prevalence of around 10% in U.S studies
(Harlow and Stewart, 2003; Petersen et al., 2008). Most sensations
from the external genitalia are transmitted via axons in the puden-
dal nerve (Martin-Alguacil et al., 2008; Moszkowicz et al., 2011;
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FIGURE 1 | Innervation of pelvic organs. Sensory axons innervating the
vagina reach the spinal cord via pelvic nerves and terminate in sacral spinal
cord segments (S2–S4). Axons innervating the uterus travel in the
hypogastric nerves and terminate in the thoracolumbar spinal cord
segments (T10–L2). The region surrounding the cervix represents a
transitional zone and is innervated by fibers that travel in both nerves.
Sensory axons from the clitoris and vulva follow the pudendal nerves to
sacral spinal cord. Note that sensory information from all pelvic organs may
converge onto the same spinal cord neural circuits. DRG (dorsal root
ganglia).

Vilimas et al., 2011; Figure 1). Limited data indicate that often
pain from these structures is similar to generalized somatic pain
as opposed to visceral pain (Bachmann et al., 2006; Goldstein and
Burrows, 2008).

SENSATIONS FROM THE VAGINA, CERVIX AND UTERUS ENTER THE
CNS AT MULTIPLE LEVELS
The walls of the FRT are innervated with sensory afferent termi-
nals that respond to both distension and inflammatory mediators
(Berkley et al., 1993b; Papka and Traurig, 1993). The FRT is
innervated via two main spinal nerve trunks; the hypogastric
and pelvic nerves that send sensory information to a num-
ber of spinal cord segments (Figure 1; Berkley et al., 1993a,b;
Wesselmann and Lai, 1997; Wesselmann, 2001; Jobling et al., 2003,
2010).

Electrical recordings from axons in rodents indicate that there
is a heterogeneous distribution of receptors. Most axons respond
to distension, whilst others respond to both distension and chem-
ical stimuli (e.g., bradykinin or serotonin; Berkley et al., 1993a,b).
Compared with the FRT, sensory axons supplying the gastroin-
testinal tract (GIT) and bladder have been better studied. Five
functional classes of sensory axons have been described in the
GIT (Page et al., 2002; Brierley et al., 2004; Song et al., 2009)
and four functional classes of bladder sensory axons have been
identified (Zagorodnyuk et al., 2007). There is an extensive inter-
action between vagina, cervix, uterus, and somatic structures
(Hotta et al., 1999) where there is considerable convergence of
these pathways in the spinal cord. The most widely and long-
recognized consequence of this convergence is referred pain
(Head, 1893).

CENTRAL SENSITIZATION “PELVIC PAIN WITHOUT PELVIC
ORGANS”
A significant barrier to treatment is the observation that pelvic pain
can exist in the absence of any obvious pathology. In fact pelvic
pain is often resistant to the removal of the allegedly offending
organs (Baskin and Tanagho, 1992). This observation is thought to
be caused by the phenomenon of central sensitization. The mech-
anisms underlying central sensitization for somatic afferents have
been examined in detail (Millan, 1999; Jones and Sorkin, 2003;
Lu et al., 2009), however, central sensitization from FRT affer-
ents remain poorly understood. Inflammation of the rat uterus
increased receptive field size, and decreased thresholds for cervix
afferents (Berkley et al., 1993a). Another study has shown that FRT
inflammation recruits large numbers of neurons in the dorsal horn
(Wesselmann et al., 2000).

PELVIC ORGAN CROSSTALK – LINKING VAGINA, CERVIX,
UTERUS BLADDER, AND BOWEL
Epidemiological data suggest strong comorbidity between inflam-
matory bowel disorders, interstitial cystitis, and pelvic pain
(Whorwell et al., 1986). Some of this comorbidity might be
explained by the sensory and motor pathways that link FRT, blad-
der, and lower bowel (Winnard et al., 2006; Klumpp and Rudick,
2008). Sensations from these organs share synaptic circuits in the
spinal cord (Wyndaele et al., 2013) and may even share individ-
ual sensory neurons (Figure 1; Christianson et al., 2007). These
functional and anatomical interactions have implications for the
effectiveness of local topical therapies designed to act on one organ
only.

OVARIAN HORMONES ALTER SENSORY INNERVATION AND
PAIN THRESHOLDS
Fluctuations in levels of ovarian hormones, particularly estro-
gen, are associated with changes in sensation, including pain,
in a variety of tissues (Martin, 2009). This effect of estrogen
on pain responses is no doubt due to the widespread expres-
sion of estrogen receptors which are located, not only in the FRT,
but also on primary sensory neurons, spinal cord neurons, and
higher brain centers (Papka et al., 2001; Papka and Mowa, 2003;
Vanderhorst et al., 2009; Takanami et al., 2010). Notably, estrogen
receptors are particularly concentrated in sacral spinal cord seg-
ments that are crucial to the control of pelvic organs (Vanderhorst
et al., 2009). The role of estrogen in modulation of the nervous
system is unclear (Balthazart and Ball, 2006). Estrogen can influ-
ence several receptors and ion channels in peripheral, spinal and
supraspinal pathways. For example transient receptor potential
(TRP) channels on primary afferent neurons are inhibited by
activation of the beta subtype estrogen receptor (ERβ; Xu et al.,
2008).

OVARIAN HORMONE WITHDRAWAL ALTERS FRT AND CUTANEOUS
SENSITIVITY
In humans menopause is associated with a drastic decrease in levels
of ovarian hormones (Martin, 2009). With this altered hormonal
status many women have increased pain from the FRT, especially
the vagina, and some somatic tissues (Fillingim and Edwards,
2001; Samsioe, 2007; Martin, 2009). This post-menopausal
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vaginal hyperalgesia, typically presents as pain during intercourse
(dyspareunia; Davis et al., 2005; Mac Bride et al., 2010). Vari-
ous explanations have been proposed including vaginal atrophy
(Forsberg, 1995). However the severity of pain is only loosely cor-
related with vaginal wall thickness (Kao et al., 2008), suggesting
other factors are critical in this condition. Many of the painful
urinogenital symptoms can be reversed by conventional systemic
estrogen replacement although an increasing alternative is the
use of local intravaginal estrogen replacement (Mac Bride et al.,
2010).

PERIPHERAL THERAPEUTIC TARGETS
Precise information about the nature of primary sensory affer-
ent endings in uterus, cervix, and vagina is scant compared with
somatic (Woolf and Ma, 2007) or other visceral targets (Black-
shaw et al., 2007). Anatomical data from animals (Papka et al.,
1985, 1995, 1999; Shew et al., 1991; Collins et al., 2002) and,
rarely, humans (Fried et al., 1990; Bokor et al., 2009; Malvasi et al.,
2010) suggest they express the same neurochemical markers and
receptors as nearby viscera, e.g., bladder and bowel.

OPIOIDS
Enkephalin immunoreactive axons in uterus and vagina have been
reported in some mammals (Lakomy et al., 1994; Skobowiat et al.,
2009), while mu and delta opioid receptors are present in human
and mouse myometrium (Zhu and Pintar, 1998; Fanning et al.,
2013). Functional measures of peripheral opioid receptor activa-
tion are not well documented for FRT afferents. However in GIT
(Armstrong et al., 2005; Page et al., 2008) and bladder (Su et al.,
1997) mechanosensitive sensory axons are modulated by opioid
receptor agonists.

TRP CHANNELS
The TRP family of channels have been a focus of somatic pain
research for some time. TRPV1 channels are present on presumed
nociceptive axons in rat vagina (Liao and Smith, 2011) and human
cervix (Tingåker et al., 2008). Interestingly these have been pro-
posed to underlie some of the adverse side effects of clotrimazole,
an anti-mycotic agent (Meseguer et al., 2008). Furthermore estro-
gen amplifies pain evoked by uterine distension, via a TRPV1
receptor dependent mechanism (Yan et al., 2007). Information on
other TRP channels (e.g., TRPM8 and TRPA1) is limited in the
FRT although they are expressed on sensory nerves supplying the
GIT (Blackshaw et al., 2010).

TROPHIC FACTORS
Various growth factors particularly nerve growth factor (NGF) and
members of the glial cell line-derived neurotrophic factor family of
ligands are implicated not only in survival of some sensory neurons
but their receptors have been suggested as targets for alleviating
neuropathic pain (Koltzenburg et al., 1999; Boucher et al., 2000;
Malin et al., 2006; Malin and Davis, 2008). Within the FRT NGF
has been reported in the uterus (Lobos et al., 2005) and cervix
(Chalar et al., 2003) and neurturin mRNA has been found in uterus
(Widenfalk et al., 2000). Sensory neurons innervating the uterus
were shown to express tyrosine receptor kinase A receptors (Chalar
et al., 2003). Whether growth factors or their receptors modulate

sensory afferent neurons from the FRT is unknown although they
are implicated in bladder signaling (Klinger and Vizzard, 2008;
Schnegelsberg et al., 2010).

P2X RECEPTORS
ATP was implicated in pain signaling nearly four decades ago
(Bleehen and Keele,1977). The subsequent discovery of P2X recep-
tors on sensory nerves (Cook et al., 1997) had led to much work
on identifying subtypes of P2X receptors as therapeutic targets
(North and Jarvis, 2013). Detailed studies of the FRT are lacking
however P2X receptors have been identified on both uterine and
cervical sensory axons (Papka et al., 2005).

METABOTROPIC GLUTAMATE RECEPTORS (mGluRs)
mGluR have been implicated in uterine and cervix sensory sig-
naling (Ghosh et al., 2007) where they may modulate sensory
discharge during parturition. Within the GIT peripheral mGluR
on sensory endings modulate excitability (Page et al., 2005) where
they have been proposed as therapeutic targets (Blackshaw et al.,
2011).

ACID SENSING ION CHANNELS (ASICs)
No studies to date have tested whether ASIC are expressed on
sensory neurons innervating the FRT. However, they are expressed
in vagal (Page et al., 2007) and colonic (Jones et al., 2005) sensory
neurons where they represent a potential therapeutic target.

NITRIC OXIDE
Nitric oxide generated by neuronal, inducible or endothelial nitric
oxide synthase (NOS) plays many roles in the FRT. It is most
notably released by autonomic vasodilator neurons to dramati-
cally increase blood flow (Morris et al., 2005). However nNOS is
also expressed in a subpopulation of sensory nerves (Papka et al.,
1995). The role of nNOS in sensory signaling in the reproductive
tract is unknown. However a role for pain modulation has been
proposed in somatic pain models (Boettger et al., 2007; Keilhoff
et al., 2013) and therapeutic agents that target nNOS have been
proposed (Mladenova et al., 2012).

CANNABINOIDS
The cannabinoid signaling pathways have long been proposed as
therapeutic targets (Roques et al., 2012). The FRT has some of the
highest levels of endogenous cannabinoids (Schmid et al., 1997)
and cannabinoid receptors are expressed in human and rodent
myometrium (Das et al., 1995; Dennedy et al., 2004) where they act
on smooth muscle. Cannabinoid receptors on sensory axons asso-
ciated with the FRT have not been reported. However activation of
cannabinoid type 1 receptors modulates sensory afferent signaling
from the urinary bladder (Walczak et al., 2009) and jejunum (Yuce
et al., 2010).

CURRENT THERAPIES FOR FRT PAIN
Currently evidence based treatment for FRT pain is limited.
Standard pain therapies such as paracetamol, non-steroidal anti-
inflammatory drugs (NSAIDs), opioids, or neuropathic pain
therapies have been used, as the type of pain is not well defined and
directing treatment is difficult. Topical therapies are increasing as
options for treating vulvar and vaginal pain and are recommended

www.frontiersin.org February 2014 | Volume 5 | Article 17 | 54

http://www.frontiersin.org/
http://www.frontiersin.org/Neuropharmacology/archive


Jobling et al. Female reproductive tract pain

as first line treatment (Nunns et al., 2010). Topical therapy presents
an attractive alternative to systemic therapy as they are generally
well tolerated and are associated with less systemic adverse effects.
However, some topical therapies may cause irritation that can
worsen symptoms (Nunns et al., 2010). Currently, due to a lack of
evidence of effectiveness, all topical therapies used in this condi-
tion would be considered experimental (Andrews, 2011). Topical
treatments have also been associated with a high placebo response
(Nunns et al., 2010).

Vulvodynia and vestibulodynia treatment has been the subject
of several recent reviews, which concluded there was insufficient
evidence of effectiveness and safety for a range of therapies. It was
determined there was evidence of a lack of efficacy for botulinum
toxin injection, topical 5% xylocaine, and topical nifedipine.
There was insufficient evidence to evaluate the effectiveness of
steroid, local anesthetic injections, nerve blocks, intramuscular or
intralesional interferon or topical capsaicin, montelukast, steroids,
gabapentin, and ketoconazole (Andrews, 2011). Oral treatments
that include tricyclic antidepressants, serotonin–norepinephrine
uptake inhibitors and anticonvulsants (Cox and Neville, 2012)
lack good quality evidence of effectiveness and have systemic
adverse effects. Physical and alternative therapies are also used
but there are only anecdotal reports of effectiveness (Andrews,
2011; Cox and Neville, 2012). Surgery has also been used
effectively to treat vulvar vestibular pain (Nunns et al., 2010;
Andrews, 2011; Cox and Neville, 2012). Estrogen therapies are
effective in patients where the pain is linked to low estrogen lev-
els following menopause or breast cancer treatment (Goetsch,
2012). Less common therapeutic options that have shown suc-
cess in small clinical trials include cutaneous fibroblast lysate
cream (Donders and Bellen, 2012), nitroglycerin cream (Walsh
et al., 2002), and amitriptyline-baclofen cream (Nyirjesy et al.,
2009).

Treatment of uterine pain is limited to systemic options with
little evidence. Dysmenorrhea is the best-studied uterine pain syn-
drome. Primary dysmenorrhea is treated with simple analgesics,
usually naproxen, while secondary dysmenorrhea treatment relies
on removal of the underlying cause of the pain (Kohle and
Deb, 2011). As other pelvic organs can cause pelvic pain a thor-
ough investigation is important. Non-pharmacological therapies
including nutrition and lifestyle changes, along with surgery may
play a role. Further investigation is needed to determine the most
appropriate treatments for uterine pain.

Further investigation is needed to determine specific targets for
pharmacological management of the various FRT pain sub-types.
The use of drug delivery systems may be required to effectively
deliver existing or experimental compounds to the target site for
improved efficacy and/or to reduce systemic adverse effects.

DELIVERING THERAPIES TO THE FRT
The intravaginal route of drug administration has been studied
as a suitable site for local and systemic delivery of therapeutic
agents. The degree to which therapies act locally or systemi-
cally is formulation dependent. Presently intravaginal therapies
are typically prescribed for vaginal infections and vaginal dryness.
Systemic drug delivery includes uterine targeting or treatment of
migraines (Bassi and Kaur, 2012). In relation to pain stemming

from the FRT, the intravaginal route shows promise for the
local or systemic delivery of analgesic and anti-inflammatory
agents.

The vagina has unique features that can be exploited for optimal
therapeutic responses, such as the presence of a dense network of
blood vessels, large surface area, and permeability (Srikrishna and
Cardozo, 2013). In addition, unlike conventional oral therapy,
the vaginal route avoids hepatic first-pass metabolism, significant
enzymatic degradation of active ingredients and drug interactions
(Bassi and Kaur, 2012). Absorption from vaginal delivery systems
occurs by dissolution, followed by penetration of drug through
the vaginal membrane to reach the systemic circulation (Hussain
and Ahsan, 2005). Physiological factors can affect the drug release
from intravaginal delivery systems and/or vaginal absorption of
drugs, such as cyclic changes in thickness of the vaginal epithelium,
fluid volume and composition, pH and sexual arousal (Hussain
and Ahsan, 2005; das Neves et al., 2011). Although physiological
factors are difficult to alter, the physicochemical properties of a
drug compound (e.g., molecular weight, lipophilicity, ionization,
surface charge, chemical nature; Hussain and Ahsan, 2005) as well
as the formulation can be selected to regulate local versus systemic
activity.

Despite its therapeutic potential, vaginal preparations show low
patient acceptability due to factors including multiple daily dos-
ing; leakage and messiness following application; and the need
for night-time dosing. The effectiveness of commonly available
vaginal dosage forms (creams, gels, solutions, foams, pessaries)
is often limited by their low retention to the vaginal epithelium
(Pavelić et al., 2004). In order to overcome these limitations, novel
vaginal delivery systems are being developed that possess desirable
distribution, bioadhesion, and release properties – such as vaginal
rings, bioadhesive delivery systems, and nanosystems.

VAGINAL RINGS
Intravaginal rings (IVRs) are circular drug delivery devices that are
designed to provide both sustained and controlled drug release,
lasting for several weeks to several months following insertion
into the vagina. IVR have been shown to be effective in deliv-
ering a multitude of compounds, such as contraceptive steroids
and steroids for the treatment of post-menopausal atrophy. This
delivery device has been previously reviewed (Baloglu et al., 2009;
Thurman et al., 2013; Srikrishna and Cardozo, 2013).

BIOADHESIVE DRUG DELIVERY (BDD) SYSTEMS
BDD systems were developed to circumvent the issues associated
with conventional vaginal formulations, by adhering to the vaginal
mucosal tissue and prolonging the residence time of the formu-
lation. Vaginal BDD systems have been exploited for both local
as well as systemic delivery of drugs (Merabet et al., 2005; Bassi
and Kaur, 2012). Several studies have focused on BDD systems
in the form of tablets, films, patches, and gels for the vaginal
mucosal route that are composed of bioadhesive polymers that are
biocompatible, biodegradable and stable. Common mucoadhe-
sive polymers include tragacanth (acacia), carbopol resins, sodium
alginate, carboxymethylcellulose, and chitosan. Vaginal BDD sys-
tems have been previously reviewed (Baloglu et al., 2009; Bassi and
Kaur, 2012).
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NANOSYSTEMS
Nanocarriers [e.g., dendrimers, liposomes, Poly(lactic-co-glycolic
acid) nanoparticles, silver and gold nanoparticles] have been
utilized in topical drug delivery to enhance the penetration of
drug compounds. For example, encapsulation of drugs within
liposomes can provide characteristics such as enhanced skin or
mucosal permeability, sustained release as well as controlled release
(Pavelić et al., 2004). Such nanosystems are usually incorporated
within a bioadhesive base (e.g., Carbopol resin) to enhance the
viscosity of the formulation for retention on the mucosal surface
(Pavelić et al., 2004; das Neves et al., 2011). The use of nanosystems
is promising for intravaginal drug delivery, however, similar to
BDD systems, the interaction of these formulations with mucosal
fluids present in the vagina at different stages of the menstrual
cycle and age is not yet well defined (Bassi and Kaur, 2012).

CONCLUSION
Pain attributed to the FRT is complex and involves several classes
of nociceptive and non-nociceptive sensory neurons. The unique
neural anatomy of pelvic organs provides challenges in the deliv-
ery of selective therapies. There is little evidence that current
treatments are effective and new strategies need to be developed.
Relative to somatic pain, or pain from the GIT, there is a lack of
information on the basic neurophysiology of FRT sensory neu-
rons. Well defined animal models of neuropathic or inflammatory
pain exist for somatic structures (e.g., chronic constriction injury
models) and to some extent colitis (trinitrobenzene sulfonic acid
models). At present there is no consistent approach to FRT pain.
This will need to be addressed if we are to explore the many poten-
tial therapeutic targets present on FRT sensory neurons. Exciting
opportunities exist for development of intravaginal drug deliv-
ery systems for either local or systemic drug delivery. Similar
targeted delivery systems can be developed for the vulvodynias.
Finally larger clinical trials of the few currently available promis-
ing therapies could provide useful insights in directing preclinical
studies.
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Chronic neuropathic pain is a debilitat-
ing condition that remains poorly treated
by current medications. Preclinical stud-
ies have indicated that cannabinoid recep-
tor agonists have analgesic efficacy in
neuropathic pain models, but this is
accompanied by undesirable side effects.
In recent years, novel strategies target-
ing the endogenous cannabinoid system
have emerged, which are being mooted as
safer alternatives. A recent clinical trial,
however, has demonstrated that a new
endocannabinoid modulator is ineffective
against osteoarthritic pain, despite exhibit-
ing efficacy during the preclinical stage.
Further basic and clinical work is needed
to resolve this disparity.

CANNABINOIDS AND CHRONIC PAIN
Chronic pain is a prevalent and costly
health care problem (Torrance et al.,
2006). A particularly persistent, severe and
debilitating form of chronic pain is neu-
ropathic pain. This syndrome manifests
following damage or dysfunction of the
peripheral nerves, spinal cord, or brain;
or can be caused by stroke, multiple
sclerosis or diabetes. Unfortunately, the
currently recommended pharmacological
treatments for neuropathic pain display
poor efficacy and illicit undesirable side
effects (Dworkin et al., 2010).

There is growing clinical evidence
indicating that the cannabis constituent,
�9-tetrahydrocannabinol (THC), and
synthetic cannabinoid agonists have effi-
cacy in chronic pain states (Lynch and
Campbell, 2011). These human studies
are based upon substantial preclinical evi-
dence. A wide range of animal models of

neuropathic pain have demonstrated that
cannabinoid agonists reverse the common
symptoms of neuropathic pain, includ-
ing allodynia (to cool and innocuous
mechanical stimuli) and hyperalgesia (to
noxious thermal and mechanical stim-
uli) (Fox et al., 2001; Scott et al., 2004).
Unfortunately, this therapeutic interven-
tion is also associated with a number of
adverse effects, including sedation and
motor/cognitive impairment. Having said
this, the therapeutic window between the
desired and adverse effects of cannabinoids
has not been systematically examined.
Thus, it remains to be determined whether
cannabinoids can produce pain relief at
doses below the side effect threshold.

THE ENDOGENOUS CANNABINOID
SYSTEM—A TARGET FOR PAIN RELIEF
Since exogenous cannabinoid agonists act
globally throughout the central nervous
system to produce their effects, isolation
of the desired therapeutic action from the
unwanted side effects has remained a dif-
ficult challenge. To overcome this prob-
lem, alternative approaches at targeting
cannabinoid signaling have been explored
(Petrosino and Di Marzo, 2010; Piscitelli
and Di Marzo, 2012). Unlike exogenous
cannabinoids, endogenous ligands of the
cannabinoid system are synthesized in an
“on demand” fashion. This suggests spe-
cific, localized release of these transmitters
only in regions where their actions are per-
tinent. Thus, targeting endocannabinoids
may provide a more effective strategy in
relieving pain devoid of side effects.

Endocannabinoids are present in mul-
tiple pain-modulating regions throughout

the CNS, including the periaqueduc-
tal gray (PAG), rostral ventral medulla
(RVM) and spinal cord dorsal horn, where
their levels are enhanced by acute noci-
ceptive stimuli and stress (e.g., Walker
et al., 1999; Hohmann et al., 2005).
Interestingly, endocannabinoid levels
within these regions are also enhanced
in chronic pain models (Jhaveri et al.,
2007; Petrosino et al., 2007; Guindon
et al., 2013). Exogenous administration of
AEA or 2-AG produces THC-like effects,
but each elicits a distinct subset of the
total effects observed with exogenous
cannabinoid administration. Specifically,
in animal models, AEA administration
has been reported to produce antinocicep-
tion alone (Cravatt et al., 2001), or evoke
the full tetrad of cannabinoid agonist
effects—antinociception, hypothermia,
hypolocomotion and catalepsy (Smith
et al., 1994). By contrast, 2-AG adminis-
tration evokes only a subset of these effects
(Lichtman et al., 2002). While major endo-
cannabinoids, such as N-arachidonoyl
ethanolamide (anandamide or AEA) and
2-arachidonoyl glycerol (2-AG), act via
cannabinoid CB1 and CB2 receptors
in a manner similar to THC and syn-
thetic cannabinoid agonists, they may
also modulate nociception via non-
cannabinoid receptor targets. This is
particularly the case for anandamide,
which has actions on transient receptor
potential vanilloid 1 (TRPV1) and per-
oxisome proliferator-activated receptor-α
(PPAR-α), both of which are cellular tar-
gets implicated in nociception (Jhaveri
et al., 2007; Di Marzo and De Petrocellis,
2012).
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The actions of endocannabinoids are
tightly regulated by enzymatic degrada-
tion. In particular, AEA is degraded via
fatty acid amide hydrolase (FAAH), and 2-
AG via monoacylglycerol lipase (MAGL)
(Cravatt et al., 1996; Dinh et al., 2002).
In addition, two serine hydrolases, ABHD6
and ABHD12, have recently been impli-
cated in the hydrolysis of 2-AG (Blankman
et al., 2007; Savinainen et al., 2012); how-
ever, their presence in pain pathways has
yet to be confirmed. In recent years, a
number of pharmacological tools have
been developed which selectively inhibit
FAAH and MAGL (Kathuria et al., 2003;
Long et al., 2009a; Ahn et al., 2011).
Inhibition of these degradative enzymes
is thought to specifically enhance endo-
cannabinoids where they are produced
on demand, resulting in more localized
receptor activation compared to globally
acting exogenous agonists. Considerable
attention has been focused on developing
degradation inhibitors to indirectly target
the endocannabinoid system.

NOVEL ENDOCANNABINOID
MODULATORS—FAAH AND MAGL
INHIBITORS
A number of groups have demonstrated
that selective FAAH inhibitors, such as
URB597, OL-135, PF-3845, PF- 04457845
and ST-4070 alleviate the mechanical and
cold allodynia induced in a range of ani-
mal models of chronic pain (Russo et al.,
2007; Kinsey et al., 2009, 2010; Ahn et al.,
2011; Caprioli et al., 2012; Guindon et al.,
2013). Although it has not been exam-
ined systematically, this analgesic effect
occurs at doses that do not elicit the tetrad
of cannabinoid-induced side effects. The
evidence in support of FAAH inhibitors,
however, is not unanimous. For exam-
ple, our group originally found that sys-
temic administration of URB597 had no
effect on mechanical allodynia in the par-
tial nerve ligation (PNL) model of neu-
ropathic pain (Jayamanne et al., 2006),
despite the synthetic analog of THC, HU-
210 abolishing allodynia in the same study.

The contrasting findings between these
studies might be due to a number of fac-
tors. Firstly, the above studies examined a
range of different neuropathic pain mod-
els. Indeed, we have observed that, unlike
the PNL model, URB597 reduces allody-
nia (albeit at higher doses) in the sciatic

nerve chronic constriction injury (CCI)
model (unpublished data). Secondly, the
wide range of different FAAH inhibitor
compounds administered at varying doses
may account for the contrasting efficacy
on allodynia, particularly since some of
compounds in question did not display
clear dose dependence in pain assays (e.g.,
Ahn et al., 2011). Thirdly, depending on
the acute or chronic pain assay examined,
it is possible that endocannabinoid acti-
vation of CB1 and TRPV1 receptors may
have opposing effects on nociception, thus
confounding the observed results (Maione
et al., 2006). Together, these studies suggest
that FAAH inhibitors may be efficacious
for neuropathic pain, but more systematic
studies need to be conducted to confirm
their therapeutic potential.

Compared to FAAH inhibitors, there
have been relatively fewer studies exam-
ining MAGL inhibitors in pain models.
This is mainly due to their later iden-
tification and development. Nevertheless,
systemic administration of the MAGL
inhibitors, JZL-184 and KML-29, have
been shown to alleviate allodynia in cer-
tain neuropathic pain models, without
eliciting the full tetrad of cannabinoid-
induced effects (Kinsey et al., 2009, 2010,
2013; Schlosburg et al., 2010; Guindon
et al., 2013; Ignatowska-Jankowska et al.,
2013). Interestingly, while analgesic effi-
cacy is maintained during chronic admin-
istration of low doses of JZL184, tolerance
has been shown to develop at higher doses
(Kinsey et al., 2013). This latter observa-
tion is clinically relevant, since conditions
like chronic pain often require long-term
drug treatment.

THERAPEUTIC POTENTIAL OF
ENDOCANNABINOID MODULATORS
In a recent clinical trial, the FAAH
inhibitor, PF-04457845 was found inef-
fective in patients with osteoarthritic pain
(Huggins et al., 2012). This was despite a
clear abolition of FAAH activity and eleva-
tion in plasma AEA levels in almost all sub-
jects tested. This finding directly contrasts
those observed by the same group in an
animal model of inflammatory and non-
inflammatory pain, in which PF-04457845
produced a potent antinociceptive effect
(Ahn et al., 2011). While the reason for this
contrasting efficacy between humans and
animals is not clear, it should be noted that

the former study was likely confounded by
a number of human factors (Di Marzo,
2012). Furthermore, the study examined
only an osteoarthritic model of pain. Thus,
the utility of FAAH inhibitors in the treat-
ment of neuropathic pain remains to be
explored.

SYNERGISTIC/ANTAGONISTIC
INTERACTIONS OF
ENDOCANNABINOIDS
In chronic pain states, patients often
receive drugs in combination. The aim
of this approach is to produce greater or
potentially synergistic analgesia at lower
drug doses. Indeed, there is some clini-
cal evidence in favour of the combined
use of cannabinoid and opioid agonists
in chronic pain patients, although synergy
has yet to be established (Abrams et al.,
2011).

This combinatorial approach might
also be applied to the endocannabinoid
modulators described above. One promis-
ing idea would be to inhibit both FAAH
and MAGL (Pertwee, 2013). In this regard,
dual inhibitors of both FAAH and MAGL
have recently been developed (Long et al.,
2009b; Ramesh et al., 2013), although
they remain to be systematically tested in
chronic pain models. Because FAAH and
MAGL act via distinct pathways to degrade
AEA and 2-AG, dual inhibition of these
degradative enzymes should boost levels
of both endocannabinoids. It is unknown
whether this will produce an additive or
synergistic effect. Therefore, it would be
interesting to observe the effect of dual
FAAH/MAGL inhibition in neuropathic
pain models, particularly in terms of their
efficacy and therapeutic window relative to
FAAH or MAGL inhibition.

It should be noted that whilst the
antinociceptive effect of MAGL inhibitors
is specifically abolished by CB1 recep-
tor antagonism or knockout (Kinsey
et al., 2009, 2010), the effect by FAAH
inhibitors is not only abolished/reduced
by CB1 and CB2 receptor blockade (Russo
et al., 2007; Kinsey et al., 2009, 2010),
but also antagonism of TRPV1 receptors
and PPAR-α (Caprioli et al., 2012). Since
TRPV1 and PPAR-α are predominantly
pro-nociceptive targets, this suggests
FAAH inhibition may produce compet-
ing, opposing actions on antinociception.
Thus, it would be interesting to examine
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the effect of a FAAH inhibitor in com-
bination with a TRPV1 antagonist. In
this regard, the endocannabinoid-related
agent, N-arachidonoyl-serotonin is a dual
FAAH/TRPV1 inhibitor found to be highly
effective in neuropathic pain models
(De Novellis et al., 2011). In addition to
pro-nociceptive targets, FAAH inhibition
has been demonstrated to produce pro-
nociceptive metabolites by diverting AEA
breakdown through other metabolic path-
ways, such as cyclooxygenase-2 (COX-2)
(Gatta et al., 2012). Hence, another poten-
tial interaction worth examining is dual
inhibition of FAAH and COX-2. Such
an approach may also lead to enhanced
analgesic efficacy (Fowler et al., 2009).

Together, the above studies impor-
tantly highlight that while some endo-
cannabinoid pathways act synergistically,
others may act antagonistically to reduce
antinociception. Therefore, prizing apart
these subcellular pathways may provide a
means to further improve the safety and
efficacy of endocannabinoid modulators.

FUTURE DIRECTIONS
While the lack of efficacy of a FAAH
inhibitor in a recent clinical trial is disap-
pointing, there are alternative approaches
targeting the endocannabinoid system
which may still be of promise. These need
to be first addressed in animal studies
before proceeding with further clinical tri-
als. In particular, the efficacy of the highly
specific, individual MAGL inhibitors and
the recently developed, dual FAAH/MAGL
inhibitors need to be explored in neuro-
pathic pain models. Furthermore, the use
of these degradation inhibitors in com-
bination with agents that act on related
targets should be investigated (Di Marzo,
2012). Both drug efficacy and side-effect
profiles need to be examined systemati-
cally. This may eventually lead to an effec-
tive pharmacotherapy to treat the prob-
lematic condition of neuropathic pain.
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Pain is a complex warning system activated
in response to potential or apparent dan-
ger and the absence of pain is detrimental.
Nociceptive pain is high-threshold pain
activated in the presence of intense stimuli,
such as contact with a burning object, and
is a protective system essential for detec-
tion of noxious stimuli. Inflammatory
pain, caused by immune system activation
in response to tissue injury or infection,
is also protective, as it discourages phys-
ical contact with the damaged area and
assists healing (Woolf, 2010). In contrast,
neuropathic pain emanating from disease
or damage to the somatosensory system, is
somewhat unique in that it is not protec-
tive, but rather pathological. Neuropathic
pain encompasses a series of heteroge-
neous conditions with some similar clin-
ical manifestations. Peripheral examples
include traumatic nerve injury, diabetic
peripheral neuropathy and chemotherapy-
induced peripheral neuropathy, whilst
multiple sclerosis is an example of a
disease which can result in centrally
derived neuropathic pain. These condi-
tions are characterized by a low-threshold
chronic pain emanating from aberrant
peripheral and central neuronal sensiti-
zation. Symptoms include paraesthesia,
spontaneous ongoing pain, and evoked
pain (e.g., hyperalgesia and allodynia).
Recent studies investigating neuropathic
pain have demonstrated significant asso-
ciated immune system activation and a
fundamental role for cytokine signaling
(Austin and Moalem-Taylor, 2010).

In this Opinion Article, we briefly sum-
marize the progress made on research
of cytokine involvement in neuropathic
pain states and suggest that targeting key
cytokines may prove useful in the devel-
opment of new immune-therapeutics.
However, further studies are required to

determine which cytokine is the appro-
priate target for specific neuropathic pain
conditions.

CYTOKINE EXPRESSION AFTER NERVE
INJURY
Dysregulation of cytokines has been impli-
cated in a variety of neuropathic pain con-
ditions in both humans and animals. For
example, differential expression of blood
and cerebrospinal fluid cytokines has been
demonstrated in patients with painful
neuropathies. Compared to healthy con-
trols, these patients show higher lev-
els of proinflammatory cytokines [e.g.,
interleukin (IL)-1β and tumor necrosis
factor-α (TNFα)], and lower levels of
anti-inflammatory cytokines (e.g., IL-10)
(Uceyler et al., 2007; Backonja et al.,
2008). Animal models of peripheral nerve
injury, such as chronic constriction injury
(CCI) of the sciatic nerve, demonstrate
extensive infiltration into the peripheral
nervous system by cytokine producing
immune cells (Moalem et al., 2004; Hu
et al., 2007). Nerve injury increases expres-
sion and secretion of proinflammatory
cytokines, including TNFα, IL-1β, IL-6,
and interferon-γ, all of which are required
for the development of pain hypersensitiv-
ity (Murphy et al., 1995; Costigan et al.,
2009). Injury to neurons of the central
nervous system (CNS) also initiates an
immune response involving cytokine sig-
naling (Guptarak et al., 2013).

In cases of peripheral nerve injury, the
local inflammatory response is followed
by a proximal response in both the dor-
sal root ganglion (DRG) and the spinal
cord. Activated glial cells within the dor-
sal horn are critically involved in trans-
mission of pain and are pivotal to the
maintenance of chronic neuropathic pain
(Austin and Moalem-Taylor, 2010). Both

the major types of glia within the CNS
(astrocytes and microglia) are particu-
larly sensitive to activation following nerve
injury (Mika et al., 2013). Furthermore,
glia secrete cytokines and are likely to be
the major source of central proinflam-
matory cytokines TNFα, IL-1β, and IL-6
(Whitehead et al., 2010). Classically char-
acterized as messengers of the immune
system, cytokines can act upon many dif-
ferent cell types, including neurons. For
example IL-1β (Binshtok et al., 2008),
TNFα (Jin and Gereau, 2006), and IL-17A
(Richter et al., 2012) all can directly acti-
vate nociceptors and induce pain hyper-
sensitivity.

Shortly after CCI, mRNA coding for
the cytokine TNFα is rapidly elevated in
the sciatic nerve (within hours of injury)
and subsequently in the DRG (1–3 days
following injury) (Sacerdote et al., 2008).
TNFα alters the excitability of neurons
and promotes continued inflammation
(Sorkin et al., 1997). For at least 2 weeks,
TNFα and its receptor TNFR1, display ele-
vated expression in the ipsilateral and con-
tralateral DRG of nerve-injured animals
(Dubovy et al., 2006). Within the DRG
and spinal cord, signaling via TNFR1,
results in activation of NF-κB pathway fol-
lowed by up-regulation of IL-6 (Lee et al.,
2009). Bilateral elevated levels of IL-6 are
observed in the DRG following unilateral
CCI and furthermore in distant cervical
DRG, suggesting a wider neuroinflamma-
tory response (Dubovy et al., 2013). IL-
1β precipitates pain hypersensitivity when
administered to the sciatic nerve (Zelenka
et al., 2005) or intrathecally (Sung et al.,
2004). In vitro exposure to IL-1β leads to
increased excitability in medium and small
DRG neurons (Stemkowski and Smith,
2012). IL-1β also acts in higher CNS
regions whereby supraspinal changes in
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IL-1β expression alter over time in the
brainstem, thalamus and prefrontal cortex
following sciatic nerve injury (Apkarian
et al., 2006). Furthermore, IL-1β is ele-
vated in the contralateral hippocampus of
rats with CCI and spinal nerve ligation
(SNL) (del Rey et al., 2011).

THERAPEUTICS TARGETING
PROINFLAMMATORY CYTOKINES
Numerous studies have demonstrated that
antagonism of proinflammatory cytokine
signaling attenuates neuronal hypersensi-
tivity and inflammation associated with
nerve injury. For example, intrathecal
injection of both IL-1β and TNFα antago-
nists alleviated pain induced by gp120 acti-
vated spinal injury (Milligan et al., 2001).
Similarly, intrathecal administration of an
IL-6 neutralizing antibody significantly
reduced gp120-induced mechanical allo-
dynia and down-regulated the expres-
sion of IL-1β and TNFα within the
CNS (Schoeniger-Skinner et al., 2007).
Biologics which target the activity of spe-
cific proinflammatory cytokines have been
and continue to be developed. A com-
mon theme associated with their clinical
use is that they are generally well-tolerated
(Dinarello et al., 2012).

TNFα INHIBITORS
TNFα inhibitors are demonstrated to sig-
nificantly reduce mechanical and ther-
mal pain hypersensitivity associated with
peripheral nerve injury (Iwatsuki et al.,
2013). There are several TNFα inhibitors
which have been developed, including the
humanized monoclonal antibody inflix-
imab and the receptor fusion protein etan-
ercept. These and other TNFα inhibitors
are currently approved for clinical use to
treat a range of immune disorders includ-
ing rheumatoid arthritis, chrohn’s dis-
ease, and psoriasis. Infliximab was tested
in a human clinical trial for the treat-
ment of pain associated with disc her-
niation induced sciatica. The drug failed
to show a significant reduction in pain
across the entire treatment group, but
patients with L3–L4 and L4–L5 disc her-
niation appeared to benefit (Korhonen
et al., 2006). Etanercept was tested in
humans suffering from sciatica and shown
to have significant benefits in a pilot study
(Genevay et al., 2004). Similarly in another
small trial, epidural administration of

etanercept was effective in reducing pain
associated with spinal stenosis (Ohtori
et al., 2012a). However, results from a
randomized, double blind, placebo con-
trolled trial for the treatment of radicu-
lar or discogenic back pain indicated that
etanercept did not demonstrate any signif-
icant benefit (Cohen et al., 2007). TNFα

activates the pain mediator p38 following
nerve injury, a signaling pathway which is
thought to be critical for the mediation
of pain transmission. Pre-treatment with
inhibitors of p38 (SB203580) or etaner-
cept significantly reduced mechanical allo-
dynia in rats with SNL injury (Schafers
et al., 2003). In a human clinical trial
of patients with nerve trauma, radicu-
lopathy, or carpal tunnel syndrome, the
selective p38 inhibitor dilmapimod was
shown to have a statistically significant
effect in reducing patients pain scores
(Anand et al., 2011). Conversely, a sim-
ilar p38 selective inhibitor losmapimod
did not show any significant effect in
reducing pain in a human clinical trial
of patients with peripheral focal neuro-
pathic pain related to nerve injury caused
by trauma or surgery (Ostenfeld et al.,
2013). Despite some variable clinical trial
outcomes, there is evidence to suggest that
TNFα inhibitors and next generation p38
inhibitors may prove effective in the treat-
ment of different forms of neuropathic
pain.

IL-1β INHIBITORS
Both knockout of the IL-1 receptor and
transgenic over expression of the endoge-
nous receptor antagonist IL-1RA reduced
mechanical and thermal pain hypersen-
sitivity in mice with spinal nerve injury
(Wolf et al., 2006). Similarly, a neutralizing
antibody targeting the IL-1β receptor (IL-
1R1) alleviated allodynia in mice with CCI
(Sommer et al., 1999). Therapeutics tar-
geting the IL-1 receptor such as anakinra,
a recombinant form of IL-1RA, the soluble
decoy receptor rilonacept and anti IL-1β

neutralizing antibody cannikumab, are all
currently approved for use in a number of
inflammatory diseases, including rheuma-
toid arthritis, gout, and stills diseases. A
current clinical trial is testing whether
preoperative administration of anakinra
reduces incisional pain in patients under-
going vascular or orthopedic surgical pro-
cedures by lowering the concentration

of inflammatory mediators in surgical
wounds (NCT01466764). Given the key
role of IL-1β in the development and prop-
agation of neuropathic pain in animal
models, it is noteworthy that very few trials
have been conducted testing the effects of
IL-1β inhibitors against neuropathic pain
conditions in humans.

IL-6 INHIBITORS
IL-6 is widely expressed following nerve
injury and intrathecal administration of
IL-6 results in mechanical allodynia. An
IL-6 receptor neutralizing antibody abol-
ished mechanical allodynia associated with
spinal cord injury pain 14 days after a
single intraperitoneal injection (Guptarak
et al., 2013). The humanized IL-6 recep-
tor neutralizing antibody tocilizimab has
been approved for use in rheumatoid
arthritis and juvenile idiopathic arthri-
tis. There have also been case reports
where this antibody has been effective in
reducing pain associated with neuromyeli-
tis optica (Araki et al., 2013) and sci-
atica (Ohtori et al., 2012b). Alternative
antibodies that bind directly to IL-6
(BMS945439) are being tested in clinical
trials for the treatment of rheumatoid
arthritis. Due to the substantial evi-
dence indicating a role for IL-6 in the
propagation of neuropathic pain, ther-
apeutic antibodies targeting both the
IL-6 and its receptor may be benefi-
cial in treating certain neuropathic pain
conditions.

IL-17
Although less conspicuous than other
proinflammatory cytokines, IL-17 is a key
orchestrator of cytokine signaling in neu-
ropathic pain. IL-17 expression is signif-
icantly elevated following CCI in mice,
peaking at day 7 after injury (Kleinschnitz
et al., 2006). Knockout of IL-17 reduces
pain hypersensitivity and the activation of
CNS glia when compared to wild type
mice following partial sciatic nerve liga-
tion (PSNL), conversely injection of IL-
17 results in increased mechanical and
thermal hypersensitivity and neutrophil
migration to the site of injection (Kim
and Moalem-Taylor, 2011). IL-17 medi-
ated hyperalgesia has been shown to be
dependent on TNFα/TNFRA1 signaling
(McNamee et al., 2011). Intraperitoneal
injection of a monoclonal antibody against
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IL-17 into rats with antigen induced
arthritis reduced paw guarding and hyper-
algesia (Richter et al., 2012). Humanized
monoclonal antibodies against IL-17, such
as secukinumab, are now being assessed
for efficacy in treating a range of inflam-
matory conditions including psoriasis and
rheumatoid arthritis, and based on results
with animal models these biologics could
be tested in human clinical trials for treat-
ment of neuropathic pain.

THERAPEUTICS AIMED AT RESOLVING
INFLAMMATION
As an alternative to targeting proin-
flammatory cytokines, another treatment
option is to promote resolution of the
inflammation by stimulating the expres-
sion of anti-inflammatory cytokines. A
perceived advantage of this strategy is that
it does not directly inhibit the activity of
proinflammatory cytokines, which may be
required for processes such as Wallerian
degeneration and peripheral axonal regen-
eration.

ANTI-INFLAMMATORY CYTOKINES
A single dose of IL-10 had long-lasting
behavioral effects in rats with excito-
toxic spinal cord injury (Plunkett et al.,
2001). Intrathecal gene therapy targeting
the expression of IL-10 has been shown to
be efficacious; delivery of adeno-associated
viral IL-10 transiently reversed allodynia
(Milligan et al., 2005), whilst repeated
delivery of naked DNA encoding IL-10
reversed allodynia for up to 2 months after
CCI (Milligan et al., 2006). Administration
of IL-4 inhibited the production of TNFα

and IL-1β in hyperalgesia models (Cunha
et al., 1999) and intraneural injection of
TGFβ caused a delayed and reduced pain
hypersensitivity in rats with PSNL. This
attenuated the homing of cytokine pro-
ducing MAC+ macrophages and reduced
the infiltration of T cells into the injured
nerve (Echeverry et al., 2013). Data on the
effectiveness of anti-inflammatory ther-
apies in treating neuropathic pain in
humans is limited, and has to date focused
largely on IL-10. Recombinant human IL-
10 (such as Ilodecakin/Tenovil) has been
tested with variable success in treating
chronic inflammatory conditions such as
psoriasis, Crohn’s disease, and rheumatoid
arthritis. To the best of our knowledge,
human trials investigating the efficacy of

similar therapies in treating neuropathic
pain are yet to be conducted.

SUMMARY AND PERSPECTIVE
The remarkable success of targeted inhi-
bition of several cytokines, such as TNFα,
in patients with rheumatoid arthritis,
psoriasis and many other diseases has
fundamentally revised the treatment of
chronic inflammatory diseases. This sug-
gests that different conditions may share
common pathophysiology and may ben-
efit from disruption of the cytokine net-
work. Indeed, several neuropathic pain
conditions have been shown to have dys-
regulation of cytokines, and the use of
biologics targeting cytokines is an exciting
and promising strategy in the quest to find
more effective treatments for neuropathic
pain. There are two basic sub-strategies
that can be followed: (1) to target certain
proinflammatory cytokines or their recep-
tors to inhibit their activity, (2) to enhance
the resolution of inflammation by pro-
moting the activity of anti-inflammatory
cytokines. The few clinical trials that have
tested the efficacy of cytokine inhibitors
in chronic neuropathic pain so far have
demonstrated mixed results, suggesting
that human validation studies will be nec-
essary to identify the appropriate cytokines
for a given neuropathic pain syndrome. It
is anticipated that new effective cytokine
targets will be discovered and will allow
future novel treatment strategies for neu-
ropathic pain.
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INTRODUCTION
Opioids can produce potent analgesia
by activating opioid receptors out-
side the central nervous system, thus
avoiding centrally mediated unwanted
effects. Peripheral opioid receptors are
expressed in peripheral sensory (dor-
sal root ganglion) neurons and can
interact with exogenous or endogenous
opioid ligands both in animals and in
humans. Inflammation of peripheral tis-
sue leads to upregulation of such opioid
receptors and to local production of
endogenous opioid peptides in immune
cells. This article will summarize recent
mechanistic, preclinical, and clinical
findings.

OPIOID RECEPTOR SIGNALING IN
PERIPHERAL SENSORY NEURONS
Co-localization and electrophysiological
studies have confirmed the presence of
opioid receptors on C- and A-fibers, on
dorsal root ganglion neurons expressing
transient receptor potential vanilloid
subtype-1 (TRPV-1) and G-protein-
coupled inwardly rectifying K+ (GIRK)
channels, and on fibers expressing isolectin
B4, substance P, and/or calcitonin-gene-
related peptide, consistent with the
phenotype of nociceptors. The activation
of such opioid receptors results in inhibi-
tion of high-voltage activated Ca++- and
enhancement of GIRK-currents. These
effects are mediated by G-proteins (Gi

and/or Go). In addition, opioids—via
inhibition of adenylyl cyclase—suppress
tetrodotoxin-resistant Na+-, TRPV1- and
other non-selective cation currents stim-
ulated by inflammatory agents, which
may account for the notable efficacy
of peripheral opioids in inflammatory
and neuropathic pain. Consistent with

their effects on ion channels, opioids
attenuate the excitability of peripheral
nociceptor terminals, the propagation of
action potentials, the release of excitatory
proinflammatory neuropeptides (sub-
stance P, calcitonin gene-related peptide)
from peripheral sensory nerve endings,
and vasodilatation evoked by stimula-
tion of C-fibers. These mechanisms result
in analgesia and/or anti-inflammatory
actions (Endres-Becker et al., 2007; Vetter
et al., 2008; Stein and Machelska, 2011;
Moshourab and Stein, 2012; Nockemann
et al., 2013; Spahn et al., 2013; Stein and
Küchler, 2013).

PERIPHERAL OPIOID RECEPTORS AND
TISSUE INJURY
Peripheral opioid analgesic effects are par-
ticularly prominent in inflamed tissue
(Kalso et al., 2002; Stein et al., 2003;
Vadivelu et al., 2011). Under such con-
ditions the synthesis and expression of
opioid receptors in dorsal root ganglia is
elevated. Subsequently, the axonal trans-
port and membrane-directed trafficking
of opioid receptors increases, leading to
their upregulation on peripheral neu-
ron terminals (Patwardhan et al., 2005;
Cayla et al., 2012; Pettinger et al., 2013).
These events are dependent on neuronal
electrical activity, cytokines, and nerve
growth factor from the damaged tissue. In
mechanical nerve injury leading to neuro-
pathic pain, opioid receptors accumulate
proximal and distal to the lesion, indi-
cating anterograde and retrograde trans-
port (Labuz et al., 2009). Inflammatory
milieu (low pH, prostanoids, bradykinin)
can augment opioid receptor function
e.g., by more efficient G-protein cou-
pling and inhibition of elevated neu-
ronal cyclic adenosine monophosphate

production (Stein and Machelska, 2011;
Stein, 2013). Inflammation also leads
to sprouting of sensory nerve terminals
and disruption of the perineurial bar-
rier, thus facilitating the access of opi-
oid agonists to their receptors (Rittner
et al., 2012). Endogenous opioid ligands
derived from inflammatory cells stimu-
late recycling of opioid receptors to the
membrane of sensory neurons, which
can prevent the development of toler-
ance to peripherally active opioid ago-
nists (Zöllner et al., 2008). Consistently,
clinical studies have indicated a lack of
cross-tolerance between peripheral exoge-
nous and endogenous opioids in synovial
inflammation. All of these mechanisms
can contribute to enhanced antinocicep-
tive efficacy of opioid agonists in injured
tissue (Stein and Machelska, 2011).

ENDOGENOUS LIGANDS OF
PERIPHERAL OPIOID RECEPTORS
Concurrent with the development of
inflammation, opioid peptide-producing
immune cells are recruited to the site
of injury. The most thoroughly char-
acterized peptides are β-endorphin and
enkephalins deriving from the respec-
tive precursors proopiomelanocortin
(POMC) and proenkephalin. Transcripts
and peptides derived from POMC and
proenkephalin, as well as the prohor-
mone convertases PC1/3 and PC2,
necessary for their posttranslational pro-
cessing, were detected in such cells. The
expression of immune-derived opioids
is stimulated by viruses, endotoxins,
cytokines, corticotropin releasing hor-
mone (CRH) and adrenergic agonists.
In painful tissue inflammation and neu-
ropathy, POMC mRNA, β-endorphin,
met-enkephalin, and dynorphin are
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detectable in circulating cells and lymph
nodes, and are upregulated in resident
lymphocytes, monocytes/macrophages,
and granulocytes. Circulating opioid-
containing leukocytes migrate to injured
tissue attracted by adhesion molecules,
chemokines, and neurokinins. In inflamed
tissue, opioid-containing leukocytes, vas-
cular P-selectin, ICAM-1, and PECAM-1
are simultaneously upregulated. Blocking
chemokines, selectins, or ICAM-1 reduces
the extravasation of opioid-containing
cells and increases inflammatory and
neuropathic pain. Consistently, immuno-
suppression can exacerbate pain (Labuz
et al., 2009; Stein and Machelska, 2011;
Busch-Dienstfertig et al., 2012).

Stimuli such as environmental stress,
noradrenaline, CRH, interleukin-1β,
chemokines, or mycobacteria can elicit
opioid peptide release from immune cells
via specific receptors and the regulated
secretory pathway. Depending on the cell
type and agent, intracellular Ca++ release
from endoplasmic reticulum or extracellu-
lar Ca++ is required. In vivo, the secreted
opioid peptides bind to opioid receptors
on sensory neurons and elicit analgesia
in injured tissue and neuropathy (Labuz
et al., 2009; Rittner et al., 2009). Not only
stimulated but also tonic release of opioids
from immune cells decreases pain in ani-
mals (Rittner et al., 2009) and in humans
(Stein et al., 1993). Thus, the develop-
ment of inflammatory and neuropathic
pain is counteracted by immune cells
producing and secreting opioid peptides.
Gene therapeutic approaches are aiming to
increase the production of opioid peptides
and receptors in inflammatory cells and
peripheral sensory neurons, respectively
(Stein and Machelska, 2011; Raja, 2012).
Preventing the extracellular degradation of
endogenous opioid peptides by peptidase
inhibitors as well as nanocarrier-directed
transport of opioids have been shown
to diminish inflammatory pain (Roques
et al., 2012; Schreiter et al., 2012; Hua and
Cabot, 2013).

PRECLINICAL STUDIES ON
PERIPHERAL OPIOID ANALGESICS
This basic research has stimulated the
development of novel opioid ligands act-
ing exclusively in the periphery without
central side-effects. A common approach
is the use of hydrophilic compounds

with minimal capability to cross the
blood-brain-barrier. Among the first
compounds were the mu-agonist lop-
eramide (known as an antidiarrheal
drug) and the kappa-agonist asimadoline.
Peripheral restriction was also achieved
with glucuronidation, arylacetamide
(ADL 10-0101), morphinan-based (TRK-
820, HS-731), triazaspiro (DiPOA) and
peptidic compounds (DALDA, FE200665,
CR845). While earlier attempts to demon-
strate peripheral opioid analgesia in
normal tissue failed, they were much more
successful in models of pathological pain
(Stein, 1993). For example, in subcuta-
neous inflammation the local injection of
low, systemically inactive doses of mu-,
delta-, and kappa-agonists produces dose-
dependent and opioid receptor-specific
antinociception. Such effects were also
shown in models of nerve damage, vis-
ceral, thermal, cancer and bone pain (Stein
and Machelska, 2011).

EFFECTS ON INFLAMMATION
Inflammation contributes to many diverse
disorders such as trauma, arthritis,
neuropathy, fibromyalgia, endometrio-
sis, diabetes, cancer, and chronic pain.
Therapeutic inhibition of inflammation
is indicated when it becomes dysregu-
lated, chronic, recurrent or inappropriate.
However, standard treatments such as
steroids, non-steroidal anti-inflammatory
drugs (NSAIDs), and disease-modifying
drugs have severe side effects (ulcers,
bleeding, myocardial infarction, stroke,
infections) (Trelle et al., 2011) and bio-
logical anti-inflammatory treatments such
as inhibitors of tumor necrosis factor-
α or of Janus kinases can only be used
in a limited number of patients due to
their prohibitive cost, parenteral formu-
lation and risk for infection and tumor
induction. A large number of in vitro
and animal investigations have produced
evidence that peripherally active opioids
can reduce release of proinflammatory
neuropeptides, cytokines, plasma extrava-
sation, vasodilation, immune mediators,
expression of adhesion molecules and
tissue destruction (Stein and Küchler,
2012). In contrast to currently avail-
able anti-inflammatory agents, opioids
have no demonstrated organ toxicity,
making them interesting candidates for
drug development. However, there is a

lack of clinical studies in this area at
present.

CLINICAL STUDIES ON PERIPHERAL
OPIOID ANALGESICS
The most extensively examined clinical
application is the intraarticular injection
of morphine. Both in human and vet-
erinary medicine, numerous controlled
clinical studies have demonstrated dose-
dependent and peripherally mediated
reduction of pain and/or supplemental
analgesic consumption without signif-
icant side effects (Kalso et al., 2002;
Stein, 2013). Intraarticular morphine
is effective in acute (postoperative) and
chronic (arthritic) pain, its effect is simi-
lar to intraarticular local anesthetics and
steroids, and it is long lasting, possibly
due to anti-inflammatory activity. Locally
applied opioids were also effective in den-
tal pain, skin ulcers, corneal abrasions
and visceral pain (Sawynok, 2003; Farley,
2011; Vadivelu et al., 2011). Some stud-
ies found no peripheral effects of opioids,
e.g., after injection into the non-inflamed
environment along nerve trunks (Picard
et al., 1997). The latter observation sug-
gests that intraaxonal opioid receptors are
“in transit,” and not available as functional
receptors at the membrane. Peripherally
restricted opioids are under investigation
for human use (morphine-6-glucuronide,
CR845), and were shown to reduce post-
operative and visceral pain with similar
efficacy as morphine but limited central
side-effects (Dahan et al., 2008; Binning
et al., 2011; Stein and Machelska, 2011).

SUMMARY
Opioids can reduce pain and inflamma-
tion by activating opioid receptors outside
the central nervous system. Inflammation
of peripheral tissue leads to upregula-
tion of opioid receptors on peripheral
sensory neurons and to local produc-
tion of endogenous opioid peptides in
immune cells. Future aims in drug devel-
opment include the design of peripher-
ally restricted opioid agonists, selective
targeting of opioids to sites of painful
injury and the augmentation of periph-
eral ligand and receptor synthesis, e.g.,
by gene therapy. The ultimate goal is to
avoid detrimental side effects of currently
available opioid and nonopioid drugs
such as apnoea, cognitive impairment,
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addiction, gastrointestinal bleeding, and
thromboembolic complications.
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Endogenous opioid peptides have been
aligned with a diverse array of effects.
Their activity is not only attributable to
action the three main opioid receptors, mu
(MOR), delta (DOR), and kappa (KOR)
opioid receptors but their impacts appear
to extend to activities at sodium channels,
cytokine receptors (Finley et al., 2008), cal-
cium channels and non-specific and par-
tially undefined pharmacological effects
inconsistent with G-protein coupled opi-
oid receptor activity.

Of the family of opioid peptides beta-
endorphin (BE 1-31) is one of the
most prominent and is the prototypi-
cal endogenous peptide for the MOR
class of opioid receptors and is found
within the CNS and the immune system
(Cabot et al., 1997). BE 1-31 is derived
from pro-opiomelanocortin (POMC) in
the cytosol of cell bodies. BE has been
shown to possess peripheral and central
analgesic activity (Van Den Burg et al.,
2001), producing a morphine-like effect
by inhibiting the signals of C- and Aδ-
fiber activation (Duggan and Fleetwood-
Walker, 1993). In addition, BE 1-31 is
a non-selective endogenous peptide with
the highest affinities for MOR and DOR
(Binder et al., 2004), suggesting that the
endogenous system is not modulated by
specific and selective opioid agonists in
isolation.

This concept touches on a new theme
evolving in novel therapeutic strategies in
the pain field, i.e. the targeting of multi-
ple channels with either one non-selective
ligand or a combination of selective lig-
ands to produce effects that are either

synergistic or, at a minimum, differential
in terms of side effects. This could seem-
ingly point to a multitude of combinations
of drugs of both G-protein receptor tar-
geting ligands or extend to those targeting
other receptor classes including sodium
channels (Su et al., 2002), potassium chan-
nels (Welch and Dunlow, 1993) and cal-
cium channels (Smart et al., 1995). The
scope of the possible therapeutic targets is
immense and, potentially of even greater
complexity, is the dose determination for
such combinations. Perhaps the answer in
part lies in the endogenous opioid system,
which is, in essence, the system designed
to mediate noxious stimuli as well as inter-
act with the immune system in disease
(Figure 1).

ENZYMATIC PROCESSING OF
BETA-ENDORPHIN
It is well known that peptides including
opioid peptides are susceptible to rapid
enzymatic degradation (McKnight et al.,
1983). The major peptidases involved in
the degradation of opioid peptides are
aminopeptidases (Montiel et al., 1997),
angiotensin-converting enzyme (ACE),
insulin degrading enzyme (Reed et al.,
2008), serine peptidases (Sandin et al.,
1998), dipeptidyl peptidase III and IV
(DPP III, DPP IV) (Sakurada et al.,
2003). DPP IV is a serine protease (Shane
et al., 1999) and has demonstrated a
structural preference for the cleavage of
opioid peptides at proline (Augustyns
et al., 2005) and is a likely candidate
responsible for the cleavage of BE 1–31
producing BE 1–13. Insulin degrading

enzyme similarly has been shown to have
selective cleaving properties, producing
BE 1–17 and BE 1–18 from BE 1–31. In
addition, BE 1–19 and BE 20–31 are the
likely products of the enzymatic activ-
ity of metallo sensitive serine proteases
(Sandin et al., 1998). ACE is however has
broad peptide cleavage properties and is
found widely distributed in many cells
(Brownson et al., 1994). Undoubtedly, a
major degraditive pathway to non-opioid
metabolites will be via aminopeptidases,
yet to be demonstrated for BE 1-31 but
has been shown to be responsible for
cleavage of dynorphin A 1–13 to 2–13
(Müller and Hochhaus, 1995), a conserved
region within BE 1–31 and dynorphin
A 1–13.

INHIBITING BETA-ENDORPHIN
BIOTRANSFORMATION AS A
THERAPEUTIC STRATEGY
Peptidase inhibition has been investi-
gated as a therapeutic strategy with some
success. This is not necessarily a novel
approach but it has received a recent
resurgence with the development of more
selective inhibitors (Schreiter et al., 2012).
Certainly, peptidases have been blocked
selectively and non-selectively by a num-
ber of strategies, e.g., di-isopropyl fluo-
rophosphate and metal ions (Pb2+, Hg2+,
Zn2+) are effective inhibitors for DPP IV,
albeit di-isopropyl fluorophosphate has
been shown to induce compensatory anti-
cholinesterase activity producing tremors
due to its irreversible nature. Spinorphin
(Tien et al., 2004), which is endogenous
factor derived from bovine spinal cord,
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FIGURE 1 | Biotransformation of beta-endorphin 1–31 within inflamed

tissue and fragment actions. Immune cells containing beta-endorphin
migrate to inflamed tissue in a site directed manner. Beta-endorphin is

released within the inflammatory mileu and biotransformed rapidly producing
fragments with various pharmacological actions. Adapted with permission
from Kapitzke et al. (2005).

and its truncated fragment, tynorphin,
are both inhibitors of DPP III (Yamamoto
et al., 2000). Leupeptin has been shown
to block cysteine-containing enzymes
and EDTA and phenanthroline inhibit
metalloproteases generally (Mentlein,
1999), whilst aminopeptidases are inhib-
ited non-selectively by bestatin without
affecting DPP IV (Scornik and Botbol,
2001). A different approach undertaken is
to modify the structure of endogenous
peptides at specific labile or suscepti-
ble bonds. These include the routine
modification at Gly2 with substitution
by D or L Ala2 or N-methylation of the
Tyrosine1, both increasing stability of the
peptide by reducing the N-terminal degra-
dation (Hiramatsu et al., 2001). These
approaches have been shown to produce
long lasting analgesia, thereby suggesting
that peptide processing is simply a means

to facilitate the degradation of bioactive
peptides to their non-pharmacologically
active forms. It is likely that this, however,
may not be the complete story, opioid
peptide fragment and in-situ biotrans-
formation may be an integral part of
the bodies efforts in addressing disease
and pain.

BIOTRANSFORMATION ALTERATION
IN DISEASE
A recent study in our laboratory has iden-
tified biotransformation fragments of
BE 1–31 in rat inflamed tissue (Herath
et al., 2012). This study demonstrated
that the hydrolytic metabolism of BE
1–31 in homogenized inflamed tissue
was faster than in serum and trypsin
incubation; similar results have been
noted for the processing of dynorphin
(the endogenous ligand for KOR) within

inflamed tissue homogenates (Morgan
et al., 2012). The rate of metabolism of
BE 1–31 at pH 5.5 was also higher than
the rate of metabolism of BE 1–31 at pH
7.4. These acidic pH values have been
shown to be concordant with those found
within inflamed tissue (Dray, 1995). In
addition, the nature of the biotransforma-
tion hydrolysis was altered, BE 1–31 was
shown in inflamed tissue homogenates
to be most susceptible for hydrolytic
degradation at specific amino acid
bonds: (Tyr1-Gly2), (Lys9-Ser10), (Leu17-
Phe18-Lys19-Asn20), (Lys24-Asn25),
(Lys28-Lys29-Gly30-Gln31) (Herath et al.,
2012). This is likely to be a consequence
of the inflammatory conditions that affect
the enzymes independently and specif-
ically (Lin et al., 2001). These results
highlight the presence of a unique panel
of peptides which would be produced
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dependent upon the disease state, possess-
ing potentially unique pharmacological
properties.

BIOTRANSFORMATION AND OPIOID
ACTIVITY
Many studies have investigated the phar-
macological changes observed following
opioid peptide modification and trunca-
tion. Deakin et al. showed that the removal
of one, two, or four amino acids from
the C-terminal of BE 1–31 reduced the
analgesic effect of fragments and that the
removal of eight amino acids from the
N-terminal of BE 1–31 resulted in an
absence of analgesic activity (Deakin et al.,
1980). Many other studies have provided
evidence for the structural necessity of a
tyrosine residue at position 1 in BE 1–
31 for the retention of analgesic activity.
In agreement with this notion, N-acetyl
derivatives of BE 1–31 naturally found
in the pituitary do not produce opioid
activity (Deakin et al., 1980). In addi-
tion, a number of studies have demon-
strated the C-terminal sequence of BE
1–31determines the potency of opioid
peptide in analgesia. Naturally occurring
forms of BE 1–31, truncated at the C-
terminal, BE 1–28, BE 1–27, and BE 1–26
are found in the pituitary (Zakarian and
Smyth, 1982). These compounds are not
only ineffective as analgesics but BE 1–
27 intra-cerebroventricularly injected into
mice has been shown to block the analge-
sia produced by BE 1–31, with a potency
four times greater than that of nalox-
one - the non-selective opioid antagonist
(Hammonds et al., 1984). However, fur-
ther truncation to BE 1-26 decreased the
antagonist effect whilst further reduction
of the peptide chain resulted in the com-
plete loss of inhibition of analgesic activ-
ity (Nicolas and Choh Hao, 1985). The
analgesic potency of further abbreviated
forms remains from peptide sequences
of BE 1–31 right down to BE 1–4, the
overwhelming consequence of the trun-
cation to smaller N-terminal conserved
sequences is decreased affinity for MOR,
but increased activity at DOR and KOR
(Jaba et al., 2007).

BIOTRANSFORMATION AND
NON-OPIOID ACTIVITY
The presence of BE 1–31 in both the
neuronal and immune systems indicates

that the pharmacological effects of these
peptides may extend past those of the
management of nociceptive signals. A
number of studies have examined poten-
tial immune-related mechanisms for BE
1–31 and a variety of truncated forms.
Interestingly, effects on human monocyte
chemotaxis showed both a lack of require-
ment for opioid receptor action and
the presence of the N-terminal Tyrosine.
These effects occurred for a range of
truncated forms of BE 1–31 (namely:
BE 1–16, BE 1–17, BE 1–27, BE 6–31,
BE 28–31) (Sacerdote and Panerai, 1989).
Similarly, T cell proliferation was modu-
lated at non-opioid receptors by BE 1–31,
BE 6–31, and BE 18–31 (Van Den Bergh
et al., 1993). Separate to their immune
system effects but aligned with the sys-
temic availability of these peptides, the
effects on blood pressure and heart rate
in anesthetized rats have also been exam-
ined for BE 1–31 and truncated pep-
tides. BE 1–27, shown in previous stud-
ies to possess opioid antagonist activ-
ity against BE 1–31, and reduced blood
pressure to an extent which was simi-
lar to that of the effects of the parent
molecule, BE 1–31 (Giersbergen et al.,
1991). In neurological experiments BE 1–
16 and BE 1–17 modulated avoidance
behavior and this was not inhibited by
naltrexone, an opioid receptor antagonist.
The non-opioid peptide fragment BE 2–
17 also displayed strong anti-psychotic
effects in schizophrenic patients (De Wied,
1979). This non-opioid effect of trun-
cated BE 1–31 was supported in a sep-
arate study that showed similar effects
with BE 2–16 and BE 2–9 (Van Ree
and De Wied, 1982). Furthermore, BE 1–
31, when cultured with rat splenocytes,
showed suppression of plaque-forming
cells (PFC) in response to coculture with
sheep red blood cells, not reversed by
naloxone (Hemmick and Bidlack, 1989).
BE 1–31 has also been shown to inter-
act with protein S in a C-terminal spe-
cific manner, implicating BE 1–31 in
anticoagulation through antithrombin III
(Hildebrand et al., 1989).

NON-OPIOID SITE OF ACTION
The search for the sites of action for
the non-opioid effects of endogenous opi-
oids has been largely focused on the
immune system (Rittner et al., 2008).

There is evidence of receptor binding sites
for BE 1–31 on a number of immune
cells that are not modulated by common
analgesics or opioid selective antagonists.
There is also a substantial body of evi-
dence for opioids interacting with Toll-
like receptors within the immune system
(Franchi et al., 2012), with stereo selec-
tivity for the plus isomers of common
opioids such as morphine-3-glucuronide
(Lewis et al., 2010), naloxone and nal-
trexone (Hutchinson et al., 2008). These
effects have been correlated with modu-
lation of cytokine expression or release,
and result in changes that may effect cell
proliferation and chemotaxis. Consistent
with immune system modulation a non-
opioid binding site for BE 1–31 has been
demonstrated in immune cells, which
would appear to exist in combination
with classical opioid receptors and nalox-
one dependent effects. These sites have
been proposed to be activated by restricted
sequences of BE 1–31 to BE 6–23 and not
modulated by naloxone or alkaloid ago-
nists such as morphine (Kovalitskaya and
Navolotskaya, 2011).

CONCLUDING REMARKS
Increasing our understanding of the role
of beta-endorphin and its biotransforma-
tion fragments provides an insight into
the complexity of the endogenous opi-
oid system. The current analgesics are
targeted at the modulation of analge-
sia by directly binding to one or more
of the opioid receptors, with the anal-
gesic being predominantly designed as
a MOP agonist. The above observations
would suggest that this is solely one
aspect of opioid pharmacology, albeit one
that has been explored widely and uti-
lized in therapy. Biotransformation is a
process that produces an array of com-
pounds having a plethora of specific
actions which contribute to the body’s
and its biological systems response to dis-
ease or injury. Future therapeutic strate-
gies should consider such actions in
designing better treatments or disease
modulators.
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Abdominal pain is one of the most fre-
quent reasons for consulting a doctor.
Despite it being a common clinical presen-
tation, abdominal pain remains a difficult
entity to treat. This is a result of multiple
factors including time course (i.e., acute
vs. chronic), etiology (e.g., inflammatory
vs. post-inflammatory), and stimulus (i.e.,
mechanical vs. chemical). About 10% of
the population suffer from chronic vis-
ceral pain in the form of irritable bowel
syndrome (IBS), many of which go undi-
agnosed. They are hypersensitive to con-
traction and distension of the gut (Barbara
et al., 2011; Keszthelyi et al., 2012), but the
pathophysiology of pain is poorly under-
stood. While the intestinal epithelium is
a site of high metabolic activity, includ-
ing digestion/absorption, secretion, hor-
mone release, and immune interactions, it
is generally not viewed as a site of pain
modulation. However, there are numer-
ous factors at the level of the epithelium
capable of modulating pain. This article
will highlight the potential role of these
factors in nociceptive signaling to identify
new therapeutic targets.

NOCICEPTIVE INNERVATION OF THE
GUT
Like in other regions of the body and
internal organs, the identification of which
gastrointestinal primary afferent neurons
transmit signals giving rise to pain relies
on classification according to their ade-
quate stimuli. It is well-known that cutting
and burning of the gut is not necessar-
ily perceived as painful, but generation of
intense force by distension or contraction
normally is (Cervero, 1994). In the dis-
eased gut less intense forces are required
(Coutinho et al., 1996). Therefore, a gut
nociceptor is defined for the purposes of
this article as a primary afferent fiber that

has a high threshold to mechanical stimuli
in the healthy gut. They usually also
respond directly to inflammatory media-
tors (Blackshaw et al., 2007). A number
of investigations over the last five decades
have shown these to innervate blood ves-
sels either within or outside the gut wall
(Bessou and Perl, 1966; Blumberg et al.,
1983; Song et al., 2009). They are there-
fore a form of vascular endings, whereas
low-threshold afferents innervate the mus-
cle layers of the gut wall or the villi of the
mucosa (Brookes et al., 2013). An excep-
tion to this rule may well be esophageal
afferents which may transmit pain directly
from the squamous epithelium in response
to acid (which may reflux from the stom-
ach) (Bhat and Bielefeldt, 2006). In the
abdominal viscera, it makes sense to place
nociceptive endings on blood vessels, since
these are less likely to be exposed to
mechanical force than those in smooth
muscle, and would serve an alarm func-
tion for impending dangerous events like
rupture or bleeding of the gut. In general,
nociceptive afferents innervate the gut via
the splanchnic nerves, or in the esophagus
via the thoracic sympathetic nerves. There
are also sub-populations that innervate
via the pelvic and vagal parasympathetic
pathways in the rectum and esophagus,
respectively.

Whether or not visceral nociceptors dif-
fer from those in the rest of the body
is controversial, but there are accounts
of differing gene expression between the
two systems, e.g., Brierley et al. (2008).
Another important issue is how nocicep-
tors change in disease states, which may
change the way we define them. It is
clear from a number of studies that their
mechanical thresholds are substantially
reduced during inflammation and after
healing, so that they respond within the

physiological range of stimuli (Jones et al.,
2005). In fact Hughes et al found that only
nociceptors became markedly sensitized
after recovery from inflammation, in both
pelvic and splanchnic pathways, whereas
other types of afferent fibers were affected
little or not at all (Hughes et al., 2009).

The central endings of visceral afferents
are most commonly found in the dor-
sal horn of the spinal cord, where they
synapse on projection neurons that send
axons to pain processing areas of the brain
(Honoré et al., 2002). The dorsal horn is
a site of major modulation of pain sig-
nals which can override or exacerbate the
peripheral signal. Another major site of
modulation that is emerging is at the site
of signal generation in peripheral endings
by a number of endogenous factors. These
may be derived from enterocytes, the most
numerous cells in the epithelium, or from
more specialized cells such as enteroen-
docrine or immune cells. The examples
given below are the best we can find cur-
rently and represent derivatives from these
three cell types, respectively.

CYCLIC-GUANOSINE-3′,5′-
MONOPHOSPHATE
(cGMP)
Recently it has been demonstrated that
stimulation of guanylate-cyclase C (GC-C)
on epithelial cells causes release of cGMP
(Blackshaw and Brierley, 2013). This
extracellular cGMP inhibits nociceptors in
the colon and rectum (Castro et al., 2013;
Feng et al., 2013). This is believed to be
a mechanism by which linaclotide, a GC-
C agonist, alleviates pain in patients with
IBS constipation subtype. Demonstration
of this epithelial-afferent anti-nociceptive
signaling raises the possibility that other
mediators released from epithelial cells can
inhibit painful signals arising from the gut.
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GLUCAGON-LIKE PEPTIDE-1 (GLP-1)
GLP-1 is an incretin located within
enteroendocrine L-cells of the intestine
that is released upon food intake (Punjabi
et al., 2011). It plays an important role
in postprandial glucose homeostasis and
can alter gastrointestinal (GI) motility
(Näslund et al., 1999; Hellström et al.,
2008; Edholm et al., 2009; Punjabi et al.,
2011). Interestingly, in a phase II trial of
IBS patients the GLP-1 analog ROSE-010
reduced acute exacerbations of abdomi-
nal pain compared to placebo (Hellström
et al., 2009). Whether this analgesic effect
was a primary effect on afferent fibers
innervating the gut or secondary to a
reduction in dysmotility could not be
determined. It has been shown that GLP-1
can directly activate vagal afferents within
the upper GI tract (Gaisano et al., 2010).
However, the expression of GLP-1 is great-
est in the distal GI tract. Taken together,
this raises an intriguing possibility that
release of GLP-1 from L-cells in the distal
gut may inhibit spinal afferents respon-
sible for nociceptive transmission. Many
treatments for type 2 diabetes are aimed
at augmentation of the action of GLP-1
on the endocrine pancreas to boost insulin
release. It would be interesting to deter-
mine if these treatments have a paral-
lel effect on visceral pain, although this
may be small since the effect of GLP-1
on afferent fibers is probably a paracrine
effect whereas GLP-1 mimetics augment
endocrine actions.

SOMATOSTATIN
There are other epithelial derived medi-
ators with more prominent roles in the
upper GI tract that may be capable of
inhibiting visceral pain. Somatostatin is
found in a variety of cell types in the
gut including D-cells in the gut mucosa
(Patel, 1999). Its role is largely inhibitory
of a number of physiological functions
within the GI tract including secretion
and motility (Patel, 1999). There is also
evidence that it can inhibit visceral per-
ception. Somatostatin receptor agonists
reduced afferent firing in “wide-dynamic
range” fibers, which would be expected
to transmit noxious stimuli (Booth et al.,
2001). Jejunal afferents in knockout mice
lacking the somatostatin receptor sst2 had
augmented responses to both low and high
threshold distension as well as chemical

stimulation suggesting a tonic inhibitory
role of somatostatin in visceral sensi-
tivity (Rong et al., 2007). Conversely,
in recordings from pelvic afferents in
rats, the somatostatin receptor agonist
octreotide appeared to reduce visceral
pain via a central mechanism rather
than at the peripheral site (Su et al.,
2001). Interestingly, octreotide inhibited
sensation to rectal balloon distension in
both healthy volunteers and IBS patients
(Hasler et al., 1993, 1994). The investi-
gators believed this was likely due to a
peripheral action of octreotide as previous
work strongly suggested that octreotide
peripherally inhibited cerebral and spinal
electrical potentials after electrical stimu-
lation of the rectum (Chey et al., 1995;
Schwetz et al., 2004). These contrasting
findings suggest that somatostatin may sig-
nal to specific afferent subtypes and/or
there are species differences. Therefore,
further investigations of an inhibitory role
of somatostatin on visceral nociception in
the distal gut are needed.

GALANIN
Galanin is an important neuromodula-
tor in the enteric nervous system, which
acts on three types of G-protein cou-
pled receptor—GAL1, 2, and 3, which
are inhibitory, excitatory, and inhibitory
respectively. GAL1 and 2 have corre-
sponding effects on mechanosensitivity of
vagal afferents at low concentrations (Page
et al., 2007), and may indeed have an
effect endogenously, but we have only pre-
liminary unpublished data indicating an
inhibitory effect of galanin on spinal affer-
ents. It is clear that galanin may have
potent central effects on pain processing,
especially in neuropathic and inflamma-
tory pain (Wynick et al., 2001), but this
peripheral action in the gut is unexplored.

OPIOIDS
T-lymphocytes contain and release beta-
endorphin, which activates the mu opi-
oid receptor. This is considered to be an
important mechanism of endogenous pain
relief, and part of the action of exogenous
opioids given therapeutically. We recently
showed this is also the case for the gut,
where these cells migrate into the tissue
and inhibit the response of nociceptors to
mechanical stimuli (Hughes et al., 2013b).
However, T-cells also release interleukins

and other cytokines that can augment the
sensitivity of nociceptors or even activate
them directly, so there is a balance of
excitatory and inhibitory immune modu-
lation of peripheral nociceptive signaling.
It is not known if stimuli to the gut in
health or disease can preferentially evoke
release of opioids or other mediators from
white cells, but this would provide a con-
venient means of pain suppression during
normal digestion.

In addition to mu receptors, visceral
afferents also express kappa opioid recep-
tors, for which the natural ligand is dynor-
phin, although it is unclear if endogenous
dynorphin plays a role in peripheral pain
modulation. However, it has been known
for some time that kappa opioid recep-
tor agonists reduce activation of colorectal
afferents by distension, and correspond-
ingly pain behaviors evoked in conscious
animals (Gebhart et al., 2000). Recent data
indicates that visceral nociceptors increase
their expression of kappa receptors in a
model of chronic visceral hypersensitivity
(Hughes et al., 2013a), and correspond-
ingly their inhibition by kappa agonists.
This probably underlies the clinical effi-
cacy of kappa ligands on pain in mod-
erate to severe IBS (Mangel and Hicks,
2012).

CONCLUSIONS
In addition to the scope for many interven-
tions that could reduce visceral pain in the
clinic targeted at inhibitory mechanisms,
there are also many sources of endogenous
inhibitors, only some of which have been
explored. It is clear nutrients, microbiota
and other immunomodulatory influences
may impact on the behavior of nocicep-
tors, for example by releasing enteroen-
docrine mediators or immune-derived
mediators. In the case of microbiota, there
is also the possibility of direct actions of
microbial products on sensory endings,
as has already been shown to occur else-
where in the nervous system (Hsiao et al.,
2013).
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Chronic abdominal pain is a debilitating
symptom of inflammatory bowel disease
(IBD): a chronic inflammatory condi-
tion of the gastrointestinal tract, which
includes Crohn’s disease (CD) and ulcer-
ative colitis (UC), and is characterized
by periods of inflammation and remis-
sion. During inflammation, pain is often
present due to the activation of affer-
ent nerve endings in the gut by inflam-
matory mediators (Beyak and Vanner,
2005). Importantly, pain associated with
IBD often persists after inflammation has
resolved, based on clinical and endoscopic
examination, and is often “referred” from
the gut to cutaneous or other visceral
regions (Minderhoud et al., 2004). Based
on what we know about pain process-
ing circuits, this suggests the source of
chronic and referred pain lies within the
central nervous system (CNS). These clin-
ical observations are supported by work
in animal models of visceral inflammation
that have provided behavioral, anatomi-
cal, molecular, and physiological evidence
to implicate spinal circuits in the devel-
opment of altered pain responses in IBD
(Farrell et al., 2014). In spite of this
evidence, little is known about the pre-
cise mechanisms of chronic pain devel-
opment and maintenance in IBD. This
lack of understanding severely limits cur-
rent therapeutic approaches for IBD pain
management.

PAIN MANAGEMENT IN IBD
Abdominal pain is a common symptom
of IBD, with up to 70% of patients pre-
senting with pain during disease onset,

or during periods of relapse (Wagtmans
et al., 1998). Pain is an indicator of inflam-
mation, and in the case of IBD, occurs in
response to the sensitization of intesti-
nal sensory neurons by inflammatory
cytokines. Importantly, inflammation
does not appear to be the sole cause of pain
in IBD, as 30–50% of patients in clinical
remission (i.e., no detectable inflamma-
tion in the gut) continue to experience
severe abdominal pain (Minderhoud
et al., 2004; Farrokhyar et al., 2006;
Siegel and MacDermott, 2009). The lack
of effective pain management for this
patient cohort is problematic in its own
right, but is also associated with signif-
icantly decreased health-related quality
of life scores, increased stress, anxiety,
and depression (Farrokhyar et al., 2006;
Schirbel et al., 2010). As a consequence,
a significant number of IBD patients
are chronically treated with narcotics
(Edwards et al., 2001; Cross et al., 2005;
Makharia, 2011). Unfortunately, long-
term narcotic use gives rise to a range of
side effects in IBD patients, such as nau-
sea, reduced gastrointestinal motility, and
narcotic bowel syndrome; i.e., increased
abdominal pain despite escalating narcotic
use. These detrimental effects worsen with
continued drug use (Grunkemeier et al.,
2007), yet the use of narcotics persists,
especially for IBD patients during hos-
pitalization and surgery associated with
relapse (Lian et al., 2010; Long et al., 2012).
These issues are compounded by the lack
of alternative pain management thera-
pies, as analgesics such as non-steroidal
anti-inflammatory drugs (NSAIDS),

including selective COX-2 inhibitors, are
linked to disease exacerbation (Bielefeldt
et al., 2009; Srinath et al., 2012). Given
the lack of options and efficacy issues with
current pharmaceutics, it is not surprising
that narcotic addiction is a major problem
in IBD. Rates of narcotic addiction are over
5% in Crohn’s patients and 2.7% overall
in IBD patients (Edwards et al., 2001),
with the risk increased by 8-fold in those
patients with concurrent psychiatric disor-
ders, including depression, anxiety, sexual,
emotional and physical abuse and sub-
stance abuse (Edwards et al., 2001; Hanson
et al., 2009). Thus, there is critical need for
new approaches and therapies for IBD
pain management. However, before new
therapeutics can be designed, the mech-
anisms responsible for the development
and maintenance of chronic abdominal
pain in IBD must be understood.

SENSORY TRANSMISSION IN THE
GASTROINTESTINAL TRACT
The gastrointestinal tract is unique as its
function is regulated by both intrinsic
and extrinsic components of the auto-
nomic nervous system. Intrinsic innerva-
tion is controlled by the enteric nervous
system (ENS), which consists of connect-
ing nerve plexuses that run between the
muscular layers and the submucosa of
the gut wall. The ENS controls gastroin-
testinal motility, secretion and absorption,
which are all essential for gut function, but
plays no major role in pain transmission
(Blackshaw et al., 2007).

The extrinsic innervation of the
gastrointestinal tract includes efferent
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parasympathetic and sympathetic auto-
nomic pathways that are involved in the
modulation of ENS activity. There are
also extrinsic sensory afferents that convey
information, including (but not exclu-
sive to) noxious (potentially painful) and
innocuous sensations, to the spinal cord
and brainstem. Brookes et al. have com-
piled a comprehensive review of extrinsic
sensory afferent types that innervate the
gut wall (Brookes et al., 2013). Sensory
afferents convey signals (including nox-
ious signals that cause pain) from the
lower gastrointestinal tract to the CNS
via two major nerve trunks, the splanch-
nic and pelvic nerves (Gebhart, 2000;
Blackshaw et al., 2007). These nerves
enter the CNS via the spinal cord dor-
sal horn, where sensory information is
subject to extensive modulation via local
interneuron networks and descending
influences (Melzack and Wall, 1965).
Finally, signals from the gut ascend to
the cortex via several pathways, includ-
ing the spinothalamic, spinoreticular and
spinomesencephalic tracts, where percep-
tion can occur (Craig, 2002; Jones et al.,
2006).

ALTERED NERVOUS SYSTEM
SIGNALING IN IBD-RELATED PAIN
There is a growing body of evidence from
animal studies, suggesting that a dysfunc-
tion of the nervous system plays a role in
the development of a chronic pain state in
IBD (Willis and Westlund, 1997; Gebhart,
1999; Hughes et al., 2009). Most research
on the neural mechanisms responsible for
pain in IBD has focused on the peripheral
nervous system, where strong evidence
of hyperexcitability in afferent nerves has
been documented. For example, in ani-
mal models of chemically induced colitis,
hypersensitivity of mechanosensitive sen-
sory afferents following inflammation has
been demonstrated, with reduced thresh-
olds for activation and increased frequen-
cies of action potential discharge reported
(Hughes et al., 2009; Feng et al., 2012).
Importantly, this hypersensitivity is sus-
tained following recovery from inflamma-
tion, which may be a contributing factor in
the development of chronic pain (Hughes
et al., 2009; Feng et al., 2012).

Other work has shown that colonic
inflammation can result in increased
behavioral responses to mechanical

distension and intraluminal adminis-
tration of capsaicin into the colon, and
that this hypersensitivity can be reversed
by antagonism of TRPV1 ion channels,
implicating TRPV1 expression in the
development of peripheral hyperalgesia
(Miranda et al., 2007). Taken together,
these data indicate that after colonic
inflammation, sensory afferents can
become hypersensitive to both mechan-
ical and chemical stimulation, and this can
be attributed, at least in part, to changes
in the expression of ion channels within
sensory afferents.

Although the evidence for peripheral
contributions to colonic hypersensitivity is
strong, the existence of referred pain in
IBD patients and in animal models of coli-
tis suggests the CNS, particularly the spinal
cord dorsal horn, is implicated in the
development of abnormal pain, as referred
pain cannot be explained by hypersensi-
tive colon afferents alone (Bernstein et al.,
1996). Referred pain is a common seque-
lae of visceral pain, in which diffuse,
poorly localized pain from the viscera
“referred” to other areas: most often to
the skin (Cervero and Laird, 1999). For
IBD, pain is often referred to the mid-
lower back, abdomen, and legs (Ritchie,
1973; Ness et al., 1990; Accarino et al.,
1995; Bernstein et al., 1996) and, not sur-
prisingly, is a source of great discomfort.
It is thought that referred pain occurs
when there is overlap between visceral and
somatic pathways within the CNS (Traub,
2000). The region of the CNS where this
cross over is most likely to occur is within
the spinal cord dorsal horn, as the dor-
sal horn receives inputs from skin, joints
and muscle as well as from the viscera
(Almeida et al., 2004).

Evidence that the CNS is involved in
the processing of inflammation-induced
visceral pain has been demonstrated in
animal models at behavioral, anatomi-
cal, molecular, and physiological levels
of analysis (Farrell et al., 2014). Briefly,
it has been shown that animals develop
referred hypersensitivity of the hind paw
and abdomen following colitis (Lamb
et al., 2006), and that this sensitivity
remains after the resolution of inflamma-
tion (Eijkelkamp et al., 2009). Likewise,
colitis results in increased dorsal horn
expression of markers of neural activa-
tion (cFos and pERK) following distension

(Traub and Murphy, 2002; Harrington
et al., 2012), as well as neuropeptides com-
monly linked with pain signaling, such as
Substance P and CGRP (Sun and Luo,
2004). Finally, the excitability of spinal
dorsal horn neurons has been shown to
increase following colitis, with extracellu-
lar recordings demonstrating a decrease in
action potential threshold and increases
in spontaneous neural activity (Al-Chaer
et al., 1997). We have previously presented
a systematic review outlining the evidence
for altered CNS activity following gas-
trointestinal inflammation (Farrell et al.,
2014).

Magnetic resonance imaging studies
have also demonstrated changes in the
structure and functional activation of
cortical and subcortical regions in IBD
patients compared with healthy controls.
Using fMRI, patients with IBD were shown
to have differing patterns of cortical activa-
tion and deactivation in response to nox-
ious rectal balloon distension (Bernstein
et al., 2002). Likewise, CD patients exhibit
altered gray matter volumes in corti-
cal (frontal and anterior midcingulate
corticies) and subcortical regions that
are associated with emotion, cognition,
and nociception (Agostini et al., 2013).
Therefore, there is evidence for both spinal
and supra-spinal alterations as a conse-
quence of chronic pain in IBD.

FUTURE ADVANCES IN IBD PAIN
MANAGEMENT
The presence of chronic pain in IBD
patients represents a major health bur-
den, as it can impact significantly on
the quality of life and mental health
of long-term sufferers. Current pain
management strategies are not optimal:
often ineffective and associated with a
number of detrimental off-target effects
(Edwards et al., 2001; Hanson et al.,
2009; Siegel and MacDermott, 2009;
Srinath et al., 2012). Recent studies have
demonstrated that targeting specific CNS
pathways could alleviate visceral pain
in animal models. For instance, tar-
geting of central N-methyl-D-aspartate
(NMDA) receptors is of particular inter-
est, as there is strong evidence for spinal
NMDA receptor-dependent neurotrans-
mission underling the development of
central sensitization (Haley et al., 1990;
Ren et al., 1992). In models of colonic
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inflammation, microinjection of the
NMDA receptor antagonist DL-2-amino-
5-phosphonovaleric acid (APV) into the
rostral ventromedial medulla (RVM) was
shown to attenuate exaggerated behavioral
responses to colon distension. This atten-
uation was not observed for injections
outside the RVM (Coutinho et al., 1998).
Since spinal nociceptive transmission is
subject to modulation from supraspinal
sites such as the RVM, this demonstrates
that visceral hyperalgesia can be influ-
enced by NMDA-dependent descending
pain modulation. Likewise, cross-organ
sensitization between the inflamed colon
and the urethra was reversed by intrathe-
cal injection of APV, and by antagonism
NR2B: a subunit of the NMDA recep-
tor, using Co-101244 (Peng et al., 2009).
Therefore, direct antagonism of spinal
NMDA receptors, specifically the NR2B
subunit, can attenuate central sensitization
caused by inflammation of the colon.

Another potential candidate recently
investigated for visceral pain management
is the nociceptive ion channel TPVR1.
TRPV1 channels are activated by heat (>
43◦) and capsasin (Christoph et al., 2006)
and are expressed in up to 80% of visceral
afferents (vs. less than one third in somatic
afferents) (Robinson and Gebhart, 2008).
This makes these channels an appeal-
ing pharmacological target. Silencing of
TRPV1 in the CNS using intrathecal injec-
tion of TRPV1-specific siRNA 4 days prior
to intrarectal capsaicin administration was
shown to reduce capsasin-induced spon-
taneous pain behaviors in rats (Christoph
et al., 2006). Importantly, in models of
neuropathic pain, TRPV1-specific siRNA
analgesia could be maintained for 4–5
days (Christoph et al., 2006). Interestingly,
the siRNA used, VsiR1, is directed against
a segment of TRPV1 mRNA that is
conserved in mouse, rat and human,
suggesting this approach may be easily
translatable into humans.

Although new CNS targets for manag-
ing chronic visceral pain are emerging, the
blood brain barrier represents a continual
obstacle in the development of new thera-
peutics. The blood brain barrier presents
physical, transport and metabolic barri-
ers that can be modulated and regulated
under both normal and pathological states
(Abbott et al., 2010). Direct intrathecal
injection of therapeutics is the most direct

way to bypass these barriers, however, it is
by far the least practical solution in a clin-
ical setting. Importantly, recent advances
in nanoparticle carrier technologies may
allow better targeting of CNS pathways
involved in visceral pain through site-
directed drug delivery and enhanced pene-
tration of the blood brain barrier (Hua and
Wu, 2013).

In summary, visceral pain in chronic
inflammatory diseases is poorly under-
stood and current therapeutic strategies
are limited. Further research is required
to improve our knowledge of the events
leading to the development chronic vis-
ceral pain. In addition, the discovery of
improved CNS targets for pain manage-
ment along with improved methods for
drug delivery, are urgently required for the
management IBD patients with chronic
pain.
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In this perspective, we propose the absence of detailed information regarding spinal cord
circuits that process sensory information remains a major barrier to advancing analgesia.
We highlight recent advances showing that functionally discrete populations of neurons
in the spinal cord dorsal horn (DH) play distinct roles in processing sensory information.
We then discuss new molecular, electrophysiological, and optogenetic techniques that can
be employed to understand how DH circuits process tactile and nociceptive information.
We believe this information can drive the development of entirely new classes of
pharmacotherapies that target key elements in spinal circuits to selectively modify sensory
function and blunt pain.
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INTRODUCTION
Pain is an important percept within our somatosensory system. It
provides an alert to actual or potential tissue damage and ensures
injured tissue is protected during healing (Basbaum et al., 2009).
Despite its important biological function, the unpleasant nature
of pain and its tendency to often outlast the initial stimulus has
driven a search for strategies to relieve it for many millennia. For
example, Sumerian clay tablets (∼3400 BC) refer to opium culti-
vation for pain relief, and to this day opium derivatives remain the
gold standard for treating moderate and severe pain (Rosenblum
et al., 2008). The fact that an age-old analgesic remains at the front-
line of pain treatment emphasizes the slow progress in analgesic
research. Together with the problematic side effects of opiates,
their addiction and abuse potential, and the “opiate resistance”
of many chronic pain conditions (including neuropathic pain)
these factors reinforce the urgent need to identify and develop
new analgesics (de Leon-Casasola, 2013).

The neuronal pathways that transmit nociceptive signals to the
brain contain multiple sites that present opportunities to phar-
macologically alter signaling and ultimately influence or block
the pain experience. This complex task of sensing, encoding and
perceiving stimuli that could generate pain begins with the col-
lection of information in peripheral sensory receptors, termed
nociceptors. Nociceptors are located throughout our body in
skin, muscle, joints and viscera, forming diverse populations
that can encode either exclusively or combinations of high inten-
sity thermal, mechanical and chemical stimuli. The mechanisms
that lead to nociceptor activation and sensitisation obviously pro-
vide potential analgesic targets [for review see (Stein et al., 2009;
Richards and McMahon, 2013)]. However, targeting peripheral

components of the nociceptive system has little value in pain
conditions where aberrant signaling, in the form of hyperactive
neuron populations and circuits, is firmly established in the central
nervous system (CNS).

Here we focus on the spinal cord dorsal horn (DH), the first
site where nociceptive information enters the CNS, is processed,
and subsequently relayed through successively higher levels of the
neuroaxis to form a sensory percept. The necessity for nociceptive
information to pass through the DH and ascend to higher brain
structures before pain is experienced makes it an attractive site
for pharmacological targeting. Indeed, this has been well accepted
since publication of the gate control theory of pain by Melzack
and Wall (1965). Furthermore, we now know that both peripheral
and central insults can disrupt normal information flow through
the neuroaxis by initiating reorganization of circuits in the spinal
cord DH, brainstem, thalamus, limbic, or cortical regions and
produce altered sensory perception in conditions such as neu-
ropathic pain or itch (Graham and Callister, 2012). Given this
longstanding focus it is not unreasonable to ask,“Why has progress
in spinal-based analgesics been so slow”?

We believe an answer to this question may lie in our overly
simplified view of the DH. The general view is that this spinal
region acts as a single processing unit, even though we know it
receives diverse signals from thermal, nociceptive, pruritic (itch),
and tactile peripheral receptors. Thus, neurons in the DH must
simultaneously fulfil several roles, which are critical for normal
sensory experience: i.e., the integration of different types of sig-
nals and segregation of others into specific ascending pathways
(Todd, 2010). A classic example is the segregation of nociceptive
and tactile information in the DH. This ensures peripheral stimuli
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such a sharp pin-prick or light touch result in very different and
contextually relevant sensory experiences. One of the critical sub-
strates for these processing tasks is the diversity of neuron types,
which form DH circuits and have very specific properties. Sur-
prisingly, our knowledge of the discrete neuronal types within DH
circuits and their precise role in sensory processing is limited.

These gaps in our knowledge exist because of historical lim-
itations in experimental approaches. Until recently spinal cord
researchers have generally been forced to collect data from multi-
ple (unidentified) neuronal classes and then “pool” these results to
provide an “averaged view” of sensory processing and function (or
dysfunction). This approach clearly overlooks cell-type diversity in
the DH as originally observed by Ramon y Cajal (1899) more than
a century ago. Since Cajal’s work there has been general agree-
ment that if we are to understand nervous system function, we
must first understand how neuron types are assembled into pro-
cessing circuits. Armed with this mechanistic understanding, we
may then identify putative drug targets on specific neuron types.
We believe this approach offers the promise of targeted analgesics
that selectively act on nociceptive circuits.

At the same time, it is important to acknowledge that the
difficulty in defining functionally discrete neuron populations
within the DH is not due to a lack of effort. In fact, an exten-
sive literature shows that multiple neuron classes do exist as
based on any single parameter (e.g., electrophysiology, neuro-
chemistry, morphology). For example, inhibitory interneurons
in the superficial DH can be differentiated into four popula-
tions based on the non-overlapping expression of neurochemical
markers (neuropeptide Y, galanin, parvalbumin, and nitric oxide
synthase; Polgár et al., 2013). The same approach reveals up
to six populations of excitatory interneurons (calretinin, cal-
bindin, neurotensin, somatostatin, substance P, and neurokinin
B; Todd, 2010), though some overlap exists within expression
patterns. In contrast, electrophysiological classification distin-
guishes four to seven types of neurons based on action potential
discharge patterns during depolarizing current injection (Grudt
and Perl, 2002; Ruscheweyh and Sandkuhler, 2002; Graham,
2004). Finally, using anatomical criteria, four distinct morpholo-
gies are commonly differentiated (Grudt and Perl, 2002; Yasaka
et al., 2010). The challenge has been to merge this information
into a model that defines neuron populations with homogenous
properties based on multiple criteria. Only with this infor-
mation can we begin to understand how DH circuits process
both nociceptive and non-nociceptive information and develop
tools that allow us to manipulate this region and provide pain
relief.

SPINAL SUBPOPULATIONS MATTER FOR PAIN PROCESSING
IN THE DH
Some evidence is now accumulating to support a key role for
functionally and neurochemically distinct neuronal populations in
spinal sensory processing. For example, recent work has examined
the role of excitatory DH interneurons in pain and itch. In these
experiments knockout of the testicular orphan nuclear receptor 4
(TR4) in the CNS resulted in a substantial loss (∼70%) of exci-
tatory interneurons (Wang et al., 2013). Behavioral analyses then
identified an almost complete loss of supraspinally mediated pain

and itch responses, elevated mechanical withdrawal thresholds,
and nerve injury-induced mechanical hypersensitivity. In contrast,
noxious heat evoked reflexes that originate in the spinal cord, nerve
injury-induced heat hypersensitivity, and tissue injury-induced
heat and mechanical hypersensitivity were unaltered. The authors
concluded,“that different subsets of dorsal excitatory interneurons
contribute to tissue and nerve injury-induced heat and mechan-
ical pain” (Wang et al., 2013). This study complements a larger
body of work, which began with the gate control theory of pain,
implicating populations of inhibitory (GABA and glycine contain-
ing) DH interneurons in nociceptive processing (Zeilhofer et al.,
2011). This work has firmly established that inhibitory dysfunc-
tion allows “linking” of tactile and nociceptive circuits to produce
allodynia and hyperalgesia. The search for specific neuronal sub-
populations directly involved in this process has unfortunately
progressed slowly.

Despite the above challenges, work on inhibitory interneurons
has succeeded in identifying a functionally distinct neuronal sub-
population in the DH (Ross et al., 2010). This work, which is
relevant to itch rather than nociception, assessed the role of a
particular transcription factor – Bhlhb5. Mice lacking Bhlhb5
exhibited an itch phenotype and lacked a subset of inhibitory
interneurons in the DH. Importantly, the remaining neuronal
populations, afferent input, and responses to other sensory modal-
ities were not altered. This confirmed a specific role for the
lost inhibitory population in the processing of itch-related stim-
uli. Together with the data on excitatory populations, this work
provides support for the hypothesis that additional unidentified
interneuron subpopulations exist in the DH.

TARGETING SPINAL SUBPOPULATIONS
Over the last decade, transgenic techniques have been developed
which allow marker proteins such as green fluorescent protein
(GFP) to be expressed in specific neurons, thereby enabling us
to visualize and target specific neuronal subtypes in the CNS. In
simple terms, this is achieved by genetic techniques that couple
GFP expression to a promoter protein that only exists in neu-
rons of interest. As long as we have a “genetic signature” for
a given neuron type, this approach allows us to address DH
interneuron diversity. To date, such studies have been restricted to
inhibitory interneurons whereby GFP expression has been linked
to proteins involved in neurotransmitter synthesis and membrane
transport (Heinke, 2004; Zeilhofer et al., 2004). This work has,
however, still reported significant variability in the properties
of targeted populations in GFP-positive neurons. Nevertheless,
specifically studying GABAergic interneurons labeled by GFP has
produced important findings. For example, a small subpopu-
lation of GFP-positive neurons has been identified that receive
low-threshold (tactile) input from primary afferents (Daniele and
MacDermott, 2009). The ability of these tactile inputs to acti-
vate GABAergic interneurons has long been acknowledged as a
basic requirement for inhibitory circuits to “segregate” nocicep-
tive and tactile information. While such transgenic approaches
provide a powerful tool to study subpopulations of neurons, it
seems identifying specific target proteins to drive GFP expres-
sion in these populations (i.e., the neuron’s genetic “signature”)
is challenging (Graham et al., 2007). For example if the aim is to
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identify discrete classes of neurons with uniform properties and
clear roles in sensory processing, labeling neurons based upon
the primary neurotransmitter they employ appears too crude an
approach.

With these challenges in mind, we have recently characterized
a small but significant subpopulation of inhibitory interneu-
rons that express the calcium-binding protein parvalbumin (PV;
Hughes et al., 2012). This work places PV-positive interneurons
in a putative circuit for mediating feed-forward inhibition in
the DH (Figure 1). Using GFP to target PV-expressing neu-
rons we showed that the functional and morphological proper-
ties of PV-positive interneurons were remarkably homogeneous.
PV-positive interneurons exhibited excitable, high frequency AP
discharge responses and typically had islet like morphologies. Fur-
thermore, a significant proportion (∼80%) of axons arising from
PV-positive DH neurons made selective axoaxonic-synapses onto
the central terminals of myelinated afferents. We also showed that
PV-positive interneurons received input from the same myelinated
afferent population. This connectivity is ideally suited to main-
tain functional segregation of sensory modalities. Thus, under
normal conditions when tactile related information arrives in
the DH, PV-neurons are excited and subsequently inhibit tac-
tile inputs. This action prevents further excitation that would
otherwise recruit nociceptive circuits (Figure 1). By extension,
decreased PV-neuron excitability would remove this gating of
tactile information, link tactile and nociceptive signaling and
produce tactile allodynia. An important caveat to this work is
that despite the success of our PV targeting approach, some
heterogeneity remained in our sample. Specifically, 20% of the
axons arising from PV-positive neurons targeted unidentified
structures and some variability remained in our electrophysio-
logical and morphological data. In summary, our findings in the
PV-GFP mouse, along with earlier GFP studies, suggest additional
analyses are required to uncover more discrete neuronal subpop-
ulations and determine their functional role in spinal sensory
processing.

NEW TOOLS TO DEFINE FUNCTIONALLY DISCRETE
SUBPOPULATIONS
Fortunately, a number of techniques are becoming available which
could expand our analysis of DH neuron subpopulations. For
example, several groups have used molecular screening techniques
to dissect neuronal heterogeneity. This has only recently been
applied to the DH (Wildner et al., 2013). Here two transgenic
mice, which lacked key transcriptional regulators that normally
define inhibitory DH interneuron lineages, were subjected to
molecular screening. Genome-wide expression comparisons iden-
tified four genes (pDyn, Kcnip2, Rorb, and Tfap2b) with largely
non-overlapping expression patterns that were significantly down
regulated in the DH of animals lacking inhibitory interneuron
populations (Wildner et al., 2013). The group is now testing how
subpopulations that selectively express these four genes contribute
to sensory and nociceptive processing in the DH. A variation of
this strategy has also been applied to a number of CNS regions
whereby gene expression profiling is undertaken in individual, or
small numbers of neurons identified via GFP expression. This
approach builds on GFP targeting studies by using single-cell

FIGURE 1 | Parvalbumin-positive DH neurons are configured to

mediate presynaptic control of myelinated afferent fiber that

contribute to DH circuits. Figure summarizes a characterization of
PV-positive neurons using a GFP expressing transgenic mouse line
(Hughes et al., 2012). PV-positive DH neurons and their axonal arbors (2,
green) are concentrated in lamina IIi/III. These cells receive input from
myelinated (tactile) primary afferents (1), and their axons appear to target
the central terminals of myelinated primary afferents preferentially, forming
inhibitory axoaxonic synaptic inputs (3). Thus, when this microcircuit is
activated (blue arrow) myelinated afferent input is inhibited, or gated (red
cross). The downstream target of this PV-gated input remains to be
identified, however, the location of these connections suggests that
neurons in nociceptive circuits may be included.

quantitative PCR (qPCR) to compare gene expression profiles
in subsets of identified neurons. This establishes smaller group-
ings of neurons within a GFP labeled subpopulation that can be
considered distinct according to molecular criteria. Such infor-
mation can then be used to predict the function of different
subpopulations as well as providing novel electrophysiological
and anatomical signatures to identify these populations in sub-
sequent studies. The technique also identifies a series of “marker”
genes and proteins that can be used to subdivide, label, moni-
tor, and manipulate subpopulations of interest. This procedure
has proved valuable in other sensory processing nodes such as
the medial vestibular nucleus (MVN; Sugino et al., 2005; Kodama
et al., 2012). Gene expression profiling in the MVN identified
six distinct neuronal subpopulations. Subsequent combination of
this information with electrophysiological and anatomical data
allowed several populations to be assigned specific functions in
vestibulo-ocular and vestibulo-cerebellar circuits. The DH repre-
sents an ideal candidate for this type of analysis as the functional
significance of its neuron heterogeneity is yet to be understood
and several DH GFP labeled populations are now available. We
believe that such studies could identify novel protein targets
with a high degree of specificity in terms of the number and
identity of DH neurons that could be manipulated and blunt
pain.

Once molecular screening has been used to identify specific
protein targets in discrete neuronal subpopulations, the next
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FIGURE 2 | Proposed analysis pathway to resolve DH neuron

heterogeneity. Analyses begin with identification of GFP expressing
transgenic mouse lines that label DH neuron populations (1). These
neurons are first characterized using electrophysiological and anatomical
approaches, determining the degree of homogeneity/heterogeneity that
exists in the GFP-expressing population (2). Additional transgenic mice
can then be employed that express optogenetic probes to selectively
activate the subpopulations of interest and study their connectivity in DH

circuits (3). GFP-expressing populations can also be subjected to gene
expression profiling to further dissect any remaining heterogeneity and
identify novel proteins that are selectively expressed in these
subpopulations (4). This information can then be fed back into the
analysis strategy, further refining the selection of probes to target
smaller DH subpopulations, and identifying unique function and
neuroanatomical features that can then be used to identify these
subpopulations.
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critical step is to determine their relevance and role in nocicep-
tive signal processing (versus other modalities) by establishing
their connectivity. Until recently it has been virtually impos-
sible to obtain such information for complex neural circuits.
The best data for the DH has comes from electrophysiologi-
cal recordings from pairs of “synaptically connected” neurons
in spinal cord slices. These experiments are difficult and typ-
ically result in small sample sizes, especially in the DH where
connectivity rates are low in slices – [10–15% (Lu and Perl,
2003, 2005)]. More recently a series of elegant publications by
the Strassman group have employed laser-scanning microstim-
ulation to investigate connectivity in the DH describing funda-
mental principles for DH synaptic connectivity patterns (Kato
et al., 2009; Kosugi et al., 2013). Notwithstanding the substantial
advances this approach has delivered, laser-scanning micros-
timulation only allows for an identified neuron’s inputs to be
studied without providing information on the type or types of
neurons where these inputs originate. Fortunately, connectivity
mapping has recently been revolutionized with the introduction
of optogenetic techniques. This approach allows neurons with
the “same genetic signature” to be activated by light. Specifi-
cally, light-sensitive proteins (channel rhodopsins from algae)
are incorporated into a given neuron type. When stimulated
by light of an appropriate wavelength, the channel rhodopsins
either promote or inhibit neuron activity (Fenno et al., 2011).
Optogenetics allows selective activation of neurons within given
circuits and vastly increases the speed and accuracy of connectivity
studies.

So far optogenetics has not yet been used to study neuronal con-
nectivity within DH circuits. Channel rhodopsins have, however,
been expressed in a subpopulation of polymodal unmyelinated
(Mrgprd-positive) sensory afferents (Wang and Zylka, 2009). DH
neuron responses were recorded in spinal cord slices during selec-
tive “light activation” of Mrgprd-positive unmyelinated afferents.
This is significant as there are several classes of polymodal affer-
ents and it is not possible to selectively stimulate them electrically.
The results of this work showed that Mrgprd-positive afferents
provide relatively broad and non-selective input to multiple DH
populations, reinforcing a major premise of this perspective – i.e.,
that functionally discrete DH neuronal populations are critical
for appropriate encoding of sensory information. ChR2 has also
been expressed in Nav1.8 positive afferent neurons, a manipulation
that provides optogenetic control of almost all nociceptors (Daou
et al., 2013). In contrast to the Mrgprd experiments, this work was
undertaken in vivo. Light stimulation of the hindpaw resulted in
pain behaviors (i.e., foot withdrawal). These data provide the first
proof of concept that optogenetics can be employed under both
in vivo and in vitro conditions and highlights the potential for
these approaches to be used in development and testing of novel
pain therapeutics.

SUMMARY AND CONCLUSION
The challenge of unraveling cellular heterogeneity in the DH
remains a major barrier to understanding how this region encodes
our sensory world. The value of this sort of analysis in the CNS has
been emphasized in a recent review that reinforced Cajal’s original
premise: “A complete understanding of nervous system function

cannot be achieved without the identification of its component
cell types” (Fishell and Heintz, 2013). Our failure to meet this
challenge has been largely due to technical limitations, however, a
range of leading-edge techniques including molecular phenotyp-
ing of individual neurons and optogenetic activation of specific
neuronal populations now allows us to proceed (Figure 2). In
addition, other techniques such as chemogenetic approaches, also
referred to as designer receptors exclusively activated by designer
drug (or DREADD), are likely to form part of the ever-increasing
armory available to manipulate and study the functional role of
neurons in the DH (see Rogan and Roth, 2011; Wess et al., 2013).
Importantly, the application of these technologies in pain research
will require continued advances in molecular probe development,
techniques and equipment to delivery light stimulation to the
spinal cord. The fundamental information provided by these new
techniques will inform future attempts to treat a variety of painful
conditions in which sensory processing and perception are dis-
rupted in the DH. For example our dataset on PV-positive DH
neurons suggest they play a key role in separating tactile and noci-
ceptive information in the spinal cord. Thus, targetted activation
of this functionally discrete DH population may reduce tactile
allodynia, a feature of many chronic pain syndromes where tactile
sensory input excites nociceptive circuits and produces pain. The
information from molecular screening and optogenetic analysis
of these DH neurons ultimately aims to identify pharmacological
agents that are capable of restoring normal sensory function by
abolishing tactile allodynia. Likewise, as additional functionally
discrete DH subpopulations are characterized this same strategy
could lead to new classes of analgesic drugs with very specific
actions.
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Symptoms of endometriosis (ENDO), among others, include pelvic/abdominal and muscle
pain. Non-steroidal anti-inflammatory agents are first-line treatment for this pain. Similar
to women, rats with surgically induced ENDO, but not its surgical control, exhibit vaginal
hyperalgesia, which in rats is evidenced by a decreased threshold for the visceromotor
response (VMR) induced by vaginal distention. Here we assess the VMR in rats with
implanted probes that telemetrically transmit EMG activity from the abdominal muscle.
The feasibility and sensitivity of this technique for monitoring the VMR threshold across
the estrous cycle and the influence of Indomethacin on ENDO-induced vaginal hyperalgesia
were evaluated. VMR thresholds in response to vaginal distention with an infusion pump
were measured in different estrous stages. Indomethacin (5 or 10 mg/kg i.p. or s.c.) was
injected in proestrus rats and 40–60 min later the VMR threshold was measured.The VMR
threshold varied across the estrous cycle only in ENDO rats, being lowest in proestrus.
Indomethacin increased this threshold in proestrus ENDO rats. These results show that
telemetric assessment of the VMR is a sensitive tool, suitable for long-term studies in
conscious rats.The results with this technique also suggest that ENDO-associated vaginal
hyperalgesia involves COX activity, the feature that also underlies inflammatory pains.

Keywords: analgesia, uterus, prostaglandins, PGE2

INTRODUCTION
Endometriosis (ENDO) is an estrogen-dependent condition
defined by the presence of growths of endometrial tissue outside
the uterus. ENDO is also considered an inflammatory condition
because immune cells and numerous inflammatory mediators
including prostaglandins, cytokines, chemokines, and growth fac-
tors are involved in its development and maintenance (Bulun et al.,
2005; Maybin et al., 2011; Stratton and Berkley, 2011). Among
these inflammatory molecules, PGE2 and COX2 appear to play key
roles because PGE2 stimulates aromatase activity in endometrial
stromal and epithelial cells and thereby promotes local estro-
gen production that is essential for growth and maintenance of
endometrial implants, and COX2 maintains high levels of PGE2
synthesis in ectopic endometrial foci and eutopic endometrium in
women with ENDO and itself is subject to regulation by PGE2 and
other inflammatory mediators (Noble et al., 1997; Ota et al., 2001;
Chishima et al., 2002; Bulun et al., 2005; Banu et al.,2008). In accor-
dance, COX2 inhibitors are effective in reducing ectopic implant
growth and improving fertility in murine models when animals
are treated in the early stages of ENDO development (Golan et al.,
1986; Dogan et al., 2004; Efstathiou et al., 2005; MacHado et al.,
2010).

Women with ENDO often experience severe pelvic pain. Non-
steroidal anti-inflammatory drugs (NSAIDs) are the first-line
treatment for pelvic/abdominal pain but their use is limited
because of side effects (Stratton and Berkley, 2011). Surgical
removal of lesions often fails to alleviate pain long-term, and

hormonal treatments that decrease estrogen levels, although effec-
tive for the pain, often have intolerable side effects and are
unsafe for long-term use. Therefore, new and long-term treat-
ment options with reduced side effects and efficacy in ENDO are
urgently needed.

In an established rat model of ENDO, pieces of uterine tis-
sue are implanted in the abdominal cavity (Vernon and Wilson,
1985). The transplants form cysts that grow rapidly during the
first month, continue growing in the following months to reach
full size by 8–10 weeks (Vernon and Wilson, 1985). Similar to
women, cysts in rats attract their own nerve and blood supply
(Zhang et al., 2008; McAllister et al., 2012). Another resemblance
to women’s signs is significantly elevated levels of inflammatory
mediators (Bergqvist et al., 2001; Anaf et al., 2002; Zhang et al.,
2008; MacHado et al., 2010). Importantly like women, rats with
ENDO exhibit abnormal sensory signaling associated with the
pelvic area, such as vaginal hyperalgesia (dyspareunia in women;
Cason et al., 2003) and referred abdominal muscle hyperalgesia
(Nagabukuro and Berkley, 2007).

In the previous studies, vaginal hyperalgesia in rats has been
assessed either with a behavioral psychophysical test (Cason et al.,
2003), or with a technique that measures abdominal muscle elec-
trical activity in response to vaginal distention (Nagabukuro and
Berkley, 2007). This later measure, which is a referred abdom-
inal muscle response to noxious stimuli, is called visceromo-
tor response (VMR). Although these techniques are sensitive
and have been successfully used to reveal estrous differences in
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pelvic nociception and effects of drugs and surgical manipula-
tions (Cason et al., 2003; Berkley et al., 2007; Nagabukuro and
Berkley, 2007; Dmitrieva et al., 2010), they are labor-intensive and
cumbersome to use for drug testing. Here we developed a new
technique that combined VMR with vaginal distention and tele-
metric methodology. We then validated its applicability in two
experimental settings. In the first study, we tested changes in
ENDO-induced vaginal hyperalgesia across the estrous cycle. In
the second study, we tested the hypothesis that COX is involved in
pathology of ENDO-associated vaginal hyperalgesia by studying
the effect of a non-selective COX inhibitor Indomethacin on the
VMR threshold as a proxy of vaginal hyperalgesia.

MATERIALS AND METHODS
This study was approved by the Florida State University’s Animal
Care and Use Committee, Protocol #0927. The care and use of
animals conformed to the recommendations in the Guide for the
Care and Use of Laboratory Animals (PHS/NIH) and the Animal
Welfare Act (USDA).

SUBJECTS
Sprague-Dawley female rats were used. Estrous cycle was deter-
mined daily by cytological examination of vaginal lavage collected
approximately 2 h after lights on (Becker et al., 2005).

Endometriosis and sham ENDO surgeries were performed under
ketamine/xylazine anesthesia (K/X: 73/8.8 mg/kg i.p.) following
aseptic precautions. During surgery and the recovery period,
the rat was kept warm on a heating pad. A small incision
was made in the middle of the abdomen. A small, approxi-
mately 1 cm segment of the middle part of one uterine horn
was clamped between two hemostats and excised. The cecum
and adjacent intestines were exposed. Four 2 mm× 2 mm biop-
sies of the excised uterine tissue, or fat in shamENDO rats,
were sutured on alternate mesenteric cascade arteries. Muscle
and skin were sutured separately. Bupivacaine was given locally
and butorphanol, s.c immediately after surgery to alleviate post-
operative pain. Rats were monitored on a daily basis for any sign
of distress.

TELEMETRIC PROBE IMPLANTATION
Seven weeks after ENDO/shamENDO surgery, under aseptic con-
ditions and K/X anesthesia, a telemetric probe (TA11CTAF40,
DSI, St. Paul, MN, USA) was implanted under the skin of the
right abdominal flank. Electrodes were tunneled under the skin
and implanted in the left inguinal muscle. The skin was sutured.
Recovery proceeded as described above. On rare occasions, some
rats developed a seroma that was managed by aspiration of clear
fluid from the pocket around the probe (under halothane gas anes-
thesia). This seroma usually subsided in a few days. Rats did not
exhibit stress behavior related to the implant. Experiments began
at least 7 days after implantation. All rats were habituated to the
restraining box and the experimental setting during three to four
training sections before VMR recording and did not show any sign
of discomfort.

Visceromotor response to vaginal distention in conscious rats
was assessed with the Ponemah Telemetry System (DSI, St. Paul,
MN, USA), which consisted of a receiver, data exchange matrix,

acquisition interface, and a computer with a synchronization
board (Figure 1A). The rat was placed in a transparent plexiglass
box that gently, but not aversively, restrained it. The restrain-
ing box was placed on the receiver. A small balloon (∼10 mm
diameter when fully inflated) connected to a pressure transducer
was inserted into the middle of the vaginal canal. After ∼10 min
of resting period, the balloon was inflated by an infusion pump
(0.3 ml/min, 1 ml maximum). Electrical activity from the abdom-
inal muscle (electromyography, EMG) was relayed to the DSI
system and synchronized with the amplified and digitalized signal
from the pressure transducer. EMG activity was recorded during
∼5 min before and during the time when the vaginal balloon was
inflated.

The integral of the rectified EMG signal was calculated in
100 ms intervals by the analysis module of the Ponemah System.
The volume threshold that corresponded to VMR (Figure 1B)
200% or higher than baseline activity was calculated as reported
previously (Nagabukuro and Berkley, 2007). VMR thresholds were
obtained 1–2 days between the sessions, two to four baselines per
each estrous stage (metestrus DI, diestrus DII, proestrus P, and
estrus E,) and then averaged for each stage for each rat.

Indomethacin was dissolved in a mixture of DMSO: cremophor:
saline (1:1:8). One of two doses (5 mg/kg, i.p. only or 10 mg/kg)
or vehicle was injected i.p. or s.c. in the neck area when the rat was
in proestrus. The VMR threshold was assessed 40–60 min later.

STATISTICAL ANALYSIS
Differences between VMR thresholds in different estrous stages
were analyzed by ANOVA followed by Tukey post hoc tests.
Differences in VMR thresholds between baseline, vehicle, and
Indomethacin groups were analyzed by ANOVA followed by
Dunnett or t -test as appropriate. Differences with p < 0.05 were
considered significant.

RESULTS
ESTROUS CYCLE DIFFERENCES
Baseline data were obtained from rats (n= 20) in different estrous
stages for 3–5 weeks beginning a minimum of 8 weeks after
ENDO/sham ENDO surgery when the cyst innervation and vagi-
nal hyperalgesia are fully developed (McAllister et al., 2012). The
VMR thresholds were assessed two to four times for each estrous
stage for each rat; the individual values remained consistent dur-
ing the entire study. Average baseline VMR thresholds for each
stage are presented for ENDO and shamENDO groups separately
in Figure 2.

Statistical analysis showed that VMR thresholds in ENDO
rats were significantly different from thresholds measured in
shamENDO rats (p < 0.001). In agreement with our earlier
published data obtained using the VMR technique in lightly
anesthetized or tethered rats (Nagabukuro and Berkley, 2007;
Dmitrieva et al., 2010), the VMR thresholds varied across the
estrous cycle in ENDO rats, with the threshold being lowest in
proestrus (p < 0.005). On average, the VMR threshold in ENDO
rats in the present study in proestrus were 15–19% lower than
the thresholds observed in other stages. Again, similar to previ-
ous observations, the VMR threshold in proestrus ENDO rats was
on average 42.4% lower than that in shamENDO rats. Finally,
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FIGURE 1 | (A) Experimental setting for recording of the visceromotor
response (VMR) to vaginal stimulation with the Ponemah Telemetric
System (DSI, St. Paul, MN, USA). Pressure in the vaginal balloon was
generated by an infusion pump. The EMG signal from the electrode
implanted in the abdominal muscle was converted into radio signals by the
telemetric probe and transmitted to a receiver connected to the

acquisition module of the Ponemah System and synchronized with the
incoming signal from the pressure transducer. (B) A recording of EMG
activity during vaginal distension before and after 10 mg/kg Indomethacin
(i.p.) injection in the same rat. The first arrow shows the beginning of
vaginal distention, and the second arrow shows the VMR threshold. The
VMR threshold increased after Indomethacin.

the threshold in shamENDO rats did not exhibit estrous cycle
differences (p= 0.752).

Indomethacin was injected first i.p. (5 or 10 mg/kg) in
proestrus ENDO and shamENDO rats (n= 9). Neither dose
of Indomethacin significantly changed the VMR threshold in
shamENDO rats. In contrast, the same doses significantly
increased the thresholds in ENDO rats in a dose-dependent man-
ner (Figures 1B and 3). The dose 10 mg/kg produced a significant

increase in VMR threshold of 81± 14.6% compared with both
baseline and the effect produced by vehicle (p < 0.05).

This increase produced by Indomethacin was transient: the
threshold measured 4 days later, when the rat was in proestrus,
was comparable to baseline values before the treatment (data
not shown). Although the vehicle injected i.p. produced a
small increase (∼28%, Figure 3), this effect was not signifi-
cantly different from baseline (p= 0.132). To verify whether the
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FIGURE 2 | Estrous variations in VMR to vaginal distention
(Volume threshold) in rats >8 weeks after ENDO or shamENDO
surgery. Baseline thresholds were measured across the estrous
cycle over 3–5 weeks and then averaged for each estrous stage (i.e.,

in metestrus DI, diestrus DII, proestrus P, and estrus E). ANOVA
showed that thresholds in ENDO rats were significantly different than
thresholds in shamENDO rats (p < 0.001). *p < 0.005; **p < 0.001,
compared to P.
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FIGURE 3 | Effects of i.p. injection of two doses of Indomethacin and
vehicle on the VMR threshold in rats after ENDO or Sham ENDO
surgery. Although vehicle produced a small increase in the VMR threshold,
this increase was not significantly different from baseline. The increase
produced by 10 mg/kg of Indomethacin was significantly higher than the
increase produced by vehicle. *p < 0.05 compared to vehicle.

vehicle-induced effect was due to the i.p. injection or the vehi-
cle itself, we injected the vehicle and one dose of Indomethacin
(10 mg/kg) s.c. in the neck region in a separate group of ENDO rats
(n= 4, Figure 4). In these rats, Indomethacin but not the vehicle
produced a significant increase (p < 0.05, 93.5± 36%). Therefore,
it was the i.p. injection, not the vehicle, that produced the observed
increase in the absence of the drug.

DISCUSSION
Using a telemetric data acquisition technique we were able to carry
out a long-term study in conscious rats that, first, involved collect-
ing baseline measures of VMR thresholds across the estrous cycle
over 3–5 week period, and then, studying the effect of one or two
doses of Indomethacin on the VMR threshold.
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FIGURE 4 | Effect of 10 mg/kg of Indomethacin injected s.c. in the neck
on the VMR threshold. *p < 0.05 compared to vehicle.

The first set of findings confirmed our previously published
results on estrous cycle differences in the VMR threshold obtained
with a non-telemetered system (Nagabukuro and Berkley, 2007).
Similar to this earlier study, ENDO, but not its surgical con-
trol (shamENDO), significantly decreased the VMR threshold in
all stages of the estrous cycle, being lowest in proestrus (when
ovarian hormones plasma levels are highest). Therefore, we con-
firmed here that in cycling rats surgically induced ENDO pro-
duces vaginal hyperalgesia, the severity of which parallels estradiol
levels.

In the second set of experiments, we further validated the
technique by studying the effect of a NSAID Indomethacin on
the hyperalgesia: Indomethacin increased the VMR threshold in
ENDO rats when injected either i.p. or s.c. but did not affect this
threshold in the shamENDO group: i.e., Indomethacin alleviated
only ENDO-induced vaginal hyperalgesia. These findings imply
that COX plays a role in maintenance of ENDO-associated vaginal
hyperalgesia.

Some possible sites of Indomethacin action include (i) periph-
eral, locally active COX, whose enzymatic products, such as
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PGE2, may activate the visceral afferents that innervate the cysts,
(ii) COX located in the dorsal root ganglion, and (iii) cen-
tral sites in the spinal cord and/or brain. Previously, we have
shown that afferent fibers, whose branches supply the devel-
oped endometrial growths are overactive, which indicates that
they are sensitized (Berkley et al., 2004; McAllister et al., 2012).
It has been found in other conditions that afferent overactiv-
ity can be a result of sensory activation and sensitization by
COX2 products (Rendig et al., 1994; Su and Gebhart, 1998; Su
et al., 1999).These findings together support a peripheral effect
of Indomethacin in the present study. The presence of COX
enzymes in dorsal root ganglia and spinal cord, and inhibition
of inflammation-induced PGE2 in cerebrospinal fluid and hyper-
algesia by intraspinal COX2 inhibitors suggest that Indomethacin
could also suppress prostaglandin production centrally (Samad
et al., 2001; Yaksh et al., 2001; Dou et al., 2004; Nagabukuro and
Berkley, 2007).

The small increase in the VMR threshold that was produced,
when the vehicle was injected i.p. was not significant, and was
not reproduced after the vehicle was injected s.c. in the neck. This
result indicates that the effect was due to the injection itself, not to
the vehicle. Thus it is important to recognize that injections may
influence the VMR when they are performed close to the recording
site (i.e., the abdomen).

Although tethered VMR-based techniques have been proven to
be a useful tool in pain-related studies (Nagabukuro and Berkley,

2007; Dmitrieva et al., 2010), frequent repairs of the exposed
electrode ends limits its usage in conscious rats to short-term
studies. Psychophysics-based technique is an excellent tool for
assessing pain-related behavior in rats with ENDO (Cason et al.,
2003) but it requires rat pre-screening and training that can
limit its applicability when long-term studies are considered. An
advantage of telemetry-based VMR technique is that rats require
minimal training and are not tethered during the experiment.
Together, our findings indicate that the telemetric technique for
assessing vaginal hyperalgesia in a rat model of ENDO is fea-
sible and applicable for long-term pharmaceutical studies. Our
results also suggest that COX activity plays a role in the vaginal
hyperalgesia induced by ENDO. Because products of COX activity
can trigger pain in different inflammatory conditions, ENDO-
associated pain resembles inflammatory pain. Insofar as findings
in the rat relate to ENDO in women, our findings here are in
line with other evidence that links COX2 to the development and
maintenance of ectopic endometrial growths and together sup-
port the conclusion that ENDO-associated pain has inflammatory
origins.
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