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Abstract

Chronic pain, especially neuropathic pain and cancer pain, is often not adequately treated by currently available
analgesics. Animal models provide pivotal systems for preclinical study of pain. This article reviews some of the most
widely used or promising new models for chronic pain. Partial spinal ligation, chronic constriction injury, and L5/L6 spinal
nerve ligation represent three of the best characterized rodent models of peripheral neuropathy. Recently, several mouse anc
rat bone cancer pain models have been reported. Primary or permanent cultures of sensory neurons have been established f
study the molecular mechanism of pain, especially for neurotransmitter release and signal transduction. The emerging gene
microarray, genomics and proteomics methods may be applied to throughly characterize these cells. Each model is uniquely
created with distinct mechanisms, it is therefore essential to report and interpret results in the context of a specific model.
0 2003 Elsevier B.V. All rights reserved.
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1. Introduction far the most widely used. Studying pain mechanisms
in cell lines is still an expanding area; however, a
Pain, an unpleasant sensation that we all ex- number of studies have demonstrated the power of
perience in daily life, is an alert mechanism to such models in elucidating the molecular mechanism
prevent further or impending tissue injury. Acute of neurotransmitter release and signal transduction in
pain rarely needs medical attention; when it does, pain.
non-steroidal anti-inflammatory drugs (NSAIDs),
acetaminophen, more powerful opioid analgesics, or
local anesthetics can adequately control the pain. 2. Models of neuropathic pain
Almost all currently used analgesics were initially
developed for acute pain. Neuropathic pain refers to pain as a result of
Chronic pain differs from acute pain not only in its damage (due to injury or disease) to the nervous
onset and duration, but more importantly in the system including nerves, spinal cord and certain
underlying mechanisms. Chronic pain may not have CNS regj8r$§. Patients with neuropathic pain
identifiable ongoing injury or inflammation, and often suffer from spontaneous pain, allodynia (pain
often responds poorly to NSAIDs and opioids. Better response to normally innocuous stimuli), and hy-
treatment of chronic pain will require clear under- peralgesia (aggravated pain evoked by noxious
standing of what leads to such persistent pain, and stimiigple 7). Neuropathic pain can have de-
testing of pharmacological agents in such settings. layed onset after initial nerve injury; therefore, pain
Animal models can provide useful and essential may be present in the absence of detectable lesion or
systems to study chronic pain. Numerous animal injury, making proper diagnosis and early treatment
models have been developed to simulate specific difficult. In addition, neuropathic pain may spread
human painful conditions, mostly by producing beyond cutaneous distribution of injured nerves and
diseases or traumatic injuries that have painful exist bilaterally in mirror image sites, suggesting the
sequellae. involvement of a central mechanjéf11]. Patients
Neuropathic pain and cancer pain are two of the often describe their pain as having a burning, shoot-
most difficult types of pain to treat, and are the focus ing, electric shock, or piercing quality.
of this review. Pain can be studied in primafés-3] Although causalgia was observed and first re-

and other mammalRl—7], but rodent models are by ported as early as the 19th ceft@tymechanisms
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Table 1
Characteristics of human neuropathic pain
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Spontaneous pain

Allodynia

Hyperalgesia

Long lasting: months, years, even for life

Delayed onset: pain may be present without ongoing injury or pathology
Quality of pain: burning, stabbing, shooting, electric shock, piercing, etc.
Distribution: pain may spread beyond the cutaneous distribution of injured nerve

pain may exist bilaterally in mirror image sites

underlying neuropathic pain have not been extensive-
ly studied until very recently. Progress has been
largely accelerated by the availability of clinically-
relevant animal models to study these painful con-
ditions. Most neuropathic pain models are made by
producing diseases or causing injuries to the spinal
cord or peripheral nerves. Several of the most
commonly used models are described in this review,
although numerous other models have also been
reported[13—-18].

Whereas the testing methods and models for acute

pain may be useful for study of chronic pain, the
latter has its unique tests and indiceBalle 2.
Direct evaluation of spontaneous pain in animals is

Table 2
Behavioral tests for the study of chronic pain

Spontaneous pain
Posture
Avoiding weight bearing on the injured side
Gait
Limping of the affected limb
Nocifensive signs
Paw licking
Excessive grooming
Excessive exploratory behavior
Guarding of the affected limb
Autotomy [20]
Self-mutilation and attack of denervated areas

Allodynia
Tactile allodynia (e.g, von Frey filamef213])
Cold allodynia[80,83]

Hyperalgesia

Thermal hyperalgesia
Radiant heat test (e.g. Hargreaves's {23#])
Hot-plate

Mechanical hyperalgesia
(e.g. Randall-Selitto paw pressure deVi25]
von Frey filament)

not possible. Instead, signs of paw guarding, lifting,
and limping, excessive grooming and biting, changes

in exploratory behavior, weight bearing, and au-

totomy (see below) have been suggested as indica-
tions for the presence of spontaneol®pas].

In addition, evoked pain (allodynia and thermal

hyperalgesia) to thermal or mechanical stimuli can

be observed in animal models, although not all are

detectable in some models.

2.1. Central pain models

A number of central pain models have been
reported in the literature; most are based on spinal
cord injury (SCI). Dysesthesia is one of the major
life style-altering changes that SCI patients have to
cope with in addition to other physical challenges
[24-27]. Both spontaneous and evoked pain are
frequent sequellae of traumatic or ischemic spinal
cord injury. Animal models of SCI include weight
dropping [28], spinal cord compressiofi29—31],
crushing of spinal cord with forceps or aneurysm
[32—34], photochemically induced injury, excitatory
neurotoxin methods, and spinal hemisec{i8b—39].

2.1.1. \Weight-drop or contusion model (Allen
technique)

The weight-drop model is the oldest and most
widely used SCI model, although its recent use has
decreased. SCI is produced by dropping a weight on
the surgically exposed spinal dorsal surface at the
lower thoracic-lumbar level[28,40,41]. This ex-
perimental model results in severe paraplegia and
development of complete segmental necrosis. Modi-
fications have been made to provide better control of
the degree of SCJ4,42].
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2.1.2. Photochemical SCI model form of injury. The latter includes transectiq0],

The photochemical model uses an intravenous I§62¢ or tight [63] ligation, cryoneurolysig21],
photosensitizing dye, erythrosin B, which, upon crug,65], perineural inflammation[66], and
excitation by an argon ion laser at the exposed tumor inva&adh

vertebrate location, produces vessel occlusion and
subsequent parenchymal tissue damage at the endo=2.2.1. Neuroma model

thelial surface of spinal cord vessdi3-45]. Fol- Total sciatic nerve transection and ligation at
lowing such spinal ischemic event, autotomy, me- multiple levels has been reported to study clinical
chanical and cold allodynia, and hyperalgesia are conditions such as ampi{@&afioRollowing com-
observed in animalg45-47]. plete nerve transection at multiple locations along the
sciatic nerve of rats and mice, a neuroma develops at
2.1.3. Excitotoxic spinal cord injury (ESCI) the proximal nerve stump, consisting of regenerative
Significant neurochemical changes occur after nerves sprouting in all diref@®ng0].Wall et al.
spinal cord injury[27,48]. Intraspinal injection of [20] observed self-attack and mutilation of the
some of these neurochemicals can produce abnormal denervated limb by injured animals, and used the
pain mimicking SCl-induced pain in humans. The term ‘autotomy’ to describe the behavior that is
best studied ESCI model is that of quisqualic acid probably caused by complete nerve deafferentation
(QUIS), an AMPA-metabotropic receptor agonist of a liffi,72]. Although somewhat controversial,
[49]. Intraspinal injection of QUIS can produce long- the presence of autotomy is generally considered a
lasting spontaneous pain (excessive grooming), me- sign of spontaneoug7pain6]. The extent of
chanical allodynia and thermal hyperalgesia in rats autotomy depends on the method and location of
[50,51]. Further studies show that QUIS is able to neurectdi®}. Ethical considerations may also be
induce neuronal loss in specific regions of spinal an issue when animals demonstrate excessive au-
gray matter, but spares the superficial laminae of totgndy79]. In a neuroma model, allodynia and
dorsal horn neurong27,51,52]. Using different hyperalgesia, the characteristic symptoms of
injection depths and doses, graded neuronal loss and peripheral neuropathy, can not be [@8jected

pain behavior can be obtaind81]. This SCI pain
model has been used by other research groups [e.g..2.2.2. Chronic congtriction injury model (CCl or

53] and can also be reproduced in miéeal]. Bennett model)
Other excitatory amino acid (e.g. glutamate; Bennett and Xie reported a rat model of painful
methyl-p-aspartic acid, kainic acid)p5—58], dynor- peripheral mononeuropathy in 1988. The model

phin A(1-17), des-Tyr-dynorphin A peptides loosely ties the sciatic nerve (left or right side) with
[54,59,60],serotonin and tryptamings1], and other four chromic gut ligatures at the mid-thigh level
agents have also been reported to produce SCI-[80]. CCI rats show behavioral signs of spontaneous

related pain behaviors when injected either intraspi- pain such as mild to moderate autotomy, guarding,
nally or intrathecally. excessive licking and limping of ipsilateral hind paw,
and avoidance of placing weight on the injury side.
2.2. Peripheral nerve injury models Hyperalgesia due to noxious thermal and mechanical
stimuli is detectable, as are cold allodynia and tactile
Peripheral neuropathic pain is a complex allody[88,81]. All pain signs last for the entire
syndrome resulting from damage to the peripheral duration of the study (over 2 months).

nervous system due to trauma, compression, neuro-
toxins, infection, immune and metabolic diseases, 2.2.3. Partial sciatic nerve ligation model (PSL or
tumors, vitamin deficiencies, and other causes. A Seltzer model)

number of animal models have been reported to In an attempt to simulate causalgia as a result of
simulate human peripheral neuropathic conditions, partial nerve injury in humans, Seltzer and col-
most of which are based on procedures at or near leagues reported a rat model of neuropathic pain in

sciatic nerves. Methods differ in the location and 1960]. The experimental procedure involves the
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ligation of the ipsilateral sciatic nerve at the high- 2.2.5. L5 spinal nerve ligation

thigh level, so that 1/3—1/2 thickness of the sciatic When the L5/L6 ligation model was first reported,
nerve is trapped in the ligature. PNL rats exhibit ligation of L4 or L5 spinal nerve was also reported.
signs of allodynia to von Frey hair stimulation and Ligation of L4 spinal nerve is not a useful pain
hyperalgesia to both thermal and mechno-noxious model as it causes severe motor deficit and interferes
stimuli within hours of ligation; the symptoms last with behavioral tests since it has an abundance of
for over 7 months. Ligated rats also display signs of motor fijéB. The L5 ligation model has not
spontaneous pain in the forms of paw guarding and been fully characterized; however, L5-ligated rats
licking on the injury side. The evoked pain can also exhibited long lasting hyperalgesia and me-
develop into bilateral patterr§2]. chanical allodynig63]. Since single L5 nerve liga-

tion is much easier to perform than the L5/L6
ligation, this model may provide a useful option,

2.2.4. L5/L6 spinal nerve ligation model (SNL) especially in studies involving mice (e.g. gene
Kim and Chung reported in 1992 another ex- knockout or transgenic fBidg)it should be noted
perimental mononeuropathy model simulating human that as the term ‘Chung model’ can mean either L5
causalgia[63,82]. In the SNL, L5 and L6 spinal or L5/L6 spinal nerve ligatiof63], the exact
nerves are unilaterally and tightly ligated at a procedure should be explained in publications.

location distal to the dorsal root ganglia. Allodynia
and hyperalgesia develop quickly after ligation, and 2.2.6. Sciatic cryoneurolysis model (SCN)

last for at least 4 months. Although there are Instead of complete transection or ligation, freez-

behavioral signs of spontaneous pain (guarding, ing of the sciatic nerve has been used to produce

licking, and lifting of ipsilateral hind paw), autotomy nerve injury in the SCN mo@l,88]. Autotomy

is absent in the SNL. and touch allodynia are present after SCN. Ligation,
Compared to CCl and PSL, the ligation site and transection or cryoneurolysis models showed little

extent (i.e. complete ligation) are more consistent in difference in pain behaviors in the first 7 days after

SNL [83,84]. SNL also has the advantage of having injy8@]. One potential advantage of this method

separate injured and intact spinal segments. On the is that cryoneurolysis-induced nerve injury may be

other hand, SNL requires the most extensive surgical reversible, thus offering an opportunity to study the

procedures of the three models. CCI, PSL and SNL effect of transient nerve injury and the healing

can all be produced in micg85-87] and are the proces$90,91]. Indeed, SCN-induced autotomy,

three most widely used peripheral neuropathy spontaneous nociceptive behaviors and touch-evoked

models. A recent Medline search yields hundreds of allodynia lasted only 15—-21 days, in contrast to the

citations using one of these methods. A comparison much longer duration of pain behaviors in SNL, PSL

of these three models is summarizedTiable 3. and CCI modelg21].

Table 3

Comparison of three peripheral neuropathic pain models

Model Spontaneous Autotomy Mechanical Cold Thermal Mechanical Bilateral

pain’ allodyni& allodynia hyperalgesia hyperalgesia

(ofe]] + + + + + + + + + + +

PSL + + + + + + + + + +

SNL + + + + + + + +

#CCl, chronic constriction injury modg¢80,81]; PSL, partial sciatic nerve ligation modg2]; SNL, L5/L6 spinal nerve ligation model
[63]. The onset of pain for all three models is within hours to 1 day. The duration of pain is over weeks, but may vary somewhat in different
studies and among tesf82,80,81,83,84].

® + + +: Largest; + +: moderate: + : smallest when compared for the same index among three models; data ar¢88@.
Otherwise, + : present;=: present, but mild;—: absent.
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2.2.7. Inferior caudal trunk resection model
(ICTR)

The model is performed by unilaterally resecting
the inferior caudal trunk between S3 and S4 nerves
[92,93]. The ICTR model is interesting since it
allows behavioral tests to be performed at the tail,
instead of the hindpaw. Testing on the tail is easier

and more consistent as the test location can be fixed

by marking. Even more importantly, the ICTR model
does not lead to deformity of the tail or paw limping,
so true blind-testing is possible. Mechanical al-
lodynia, and cold or thermal hyperalgesia develop
within a day after injury, and can last for weeks. This
model is relatively new and has not been used by
other groups.

2.2.8. Siatic inflammatory neuritis model (SIN)

It is estimated that nearly half of human neuro-
pathies are caused by inflammation or infection
rather than traum§94,95]. In addition, inflammatory
events occur after traumatic nerve injuries. Several
studies have used a neuritis model to inflict nerve
damage. In the SIN model, allodynia is seen hours

3.1. Postherpetic neuralgia model (PHN)

Shingles is caused by reactivation of a primary
infection with varicella-zoster virus. Postherpetic

neuralgia (PHN) is characterized by the presence of

both spontaneous and evoked pain symptoms (such
as burning and adiidgg)103]. Based on the rat
model of latent varicella-zoster virus infection

[104,105],a recent study found persistent allodynia

and hyperalgesia in infected rats, which appeared to
be only on the ipsilateral, but not contralateral, hind
H4@6]. Additional studies have been conducted

in cells (including sensory neurons) infected with
varicella-zoster Miifs-109].

3.2. Diabetic neuropathic pain model (DNP)

A few diabetic models are available, e.g. insulin

deficient BB fat0] and NOD mice[111,112],
insulin resistant ob/ob and db/dhjIh&ell5],

the Mongolian gerbil (‘sand raff]16,117], and

chemically-induced md¢#i2&119]. The most
commonly used model for the study of pain is that of
streptozocin-induced diabetic neuropathy model

after the injection of zymosan around the sciatic [119-122]. Streptozocin kills insulin-secreting islet
nerve, which can be bilateral at higher dof#s,97]. cells. In rats, a single i.p. injection of streptozocin
Thermal hyperalgesia (determined by Hargreaves’ induces long lasting thermal and mechanical hy-
radiant heat test) cannot be detected in the [9I6]. peralgesia, and cold and thermal allodyrjiel9—
Peri-sciatic immune activation by placing a proin- 122].
flammatory gut suturg98], dead bacteria or car-
rageenari99] on the sciatic nerve can produce both
allodynia and hyperalgesia. 4. Cancer pain models

Pain is a common symptom in cancer patients,
affecting 30-50% of patients undergoing active
treatment for a solid tumor and 70-90% of those
with advanced diseas§$23,124].Whereas improv-

3. Peripheral neuropathy induced by diseases

In human, shingles and diabetes are two very

common diseases with neuropathic pain sequellae.

Diabetes mellitus is the leading cause of neuropathy
in the Western world100]. In one series of studies,
neuropathy is present in 66% of diabetic patients
[101], although this prevalence is lower in another
patient populatiorf100]. Shingles is characterized by
a very painful rash. Some patients suffer from
postherpetic neuralgia following acute shingles,
which can persist for many years and even for life.

ing diagnosis and treatment methods are increasing
the survival rate and life expectancy of cancer
patients, cancer pain is increasingly becoming a

bigger problem affecting the quality of life. Current

treatment is largely based on empirical clinical
experience with incomplete success. Cancer-related

pain may be caused by tumor infiltration or compres-

sion of nerve, plexus, or roots, immunoreactive and
pronociceptive substances released from tumors, or
by treatment (chemotherapy, radiation, or surgery)
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[125]. Several studies have attempted to model 4.1.2. Taxol-induced peripheral neuropathy model
chemotherapy-induced peripheral neuropathy. Re- (TIPN)
cently, three rodent models of bone cancer pain have Paclitaxel (Taxol) is an antineoplastic agent de-
been reported. rived from the Pacific yew trEexus brevifolia and
is used to treat a variety of cancers, including
ovarian and breast tumors, and non-small cell lung

4.1. Chemotherapy-induced peripheral neuropathy cancer[130—-132]. Taxol binds to tubulin (at a site
models different from that used by the vinca alkaloids) and
blocks polymerization of microtubules. Its effective-
Peripheral neuropathy and bone marrow suppres- ness is limited by the development of severe painful
sion are two very frequent and severe side-effects of peripheral neuropathy that is dose-defi@3dent
chemotherapy and are often the limiting factors for 135]. The incidence of Taxol neuropathy is estimated
achieving effective doses. Neurotoxicity is particular to be 50-90%, and is characterized by dysesthesia
problematic for vinca alkaloids, platinum com- (e.g. numbness, tingling and burning pain) of the
pounds, and Taxols, although other chemotherapeutic hands anfll3€e131,134,136]A number of rat
agents are also capable of inducing neuropathy. or mouse models of Taxol-induced neuropathic pain
Chemotherapy-induced neuropathy may continue have been red@Béd 37-142].Both allodynia
after the cessation of therapy (called ‘coasting’) and thermal hyperalgesia can be detected in Taxol-
[216]. When administered to animals, these chemi- treated animals.

cals also produce neuropathy which may be used to
study causes, prevention and treatment of their 4.1.3. Cisplatin-induced peripheral neuropathy
neurotoxicity. model (CIPN)
Cisplatin is used to treat ovarian and small cell
lung cancer. Cisplatin induces polyneuropathy that is

4.1.1. Vincristine-induced peripheral neuropathy dose- and treatment duration-dependent, and can last
model (VIPN) for over 10 yearq143]. It has been suggested that
Vincristine, a vinca alkaloid, is given to treat acute cisplatin-induced apoptosis may contribute to its
leukemia, neuroblastoma, Kaposi's sarcoma, Hodg- neurotoxjdity,145]. Repeated daily injections
kin's disease and other lymphomas. It binds to (i.p.) of cisplatin produce mechanical allodynia and
tubulin and blocks microtubule polymerization, thus hyperalg¢s#s]. Similar observations have been
arresting mitosis in metaphase. Severe peripheral reported in other CIPN rfiot:s47,148] These
neuropathy occurs as a result of vincristine treatment models have been used to test a number of ex-
and is a limiting factor for dose escalation which perimental treatments that may be useful to alleviate
often is needed to achieve the desired anti-tumor cisplatin neuropbtBy-155].

effect. Several methods have been described to
induce pain by vincristine. In rats, daily injection of 4.2. Cancer invasion pain model (CIP)
vincristine for 10 days (5 consecutive drug day2

drug-free days-5 more drug days) produces hy- Peripheral nerve injury and neuritis models can be
peralgesia[126,127]. A similar model produces used to simulate peripheral nerve damage due to
mechanical hyperalgesia and allodynia, and a loss of cancer invasion. A more direct way to study the
sensitivity (thermal hypoalgesia) in raf$28]. Con- compression and infiltration of peripheral nerves by
tinuous intravenous vincristine infusion can also tumors was reported redédflyWhen Meth A

result in dose-dependent tactile allodynia, but no sarcoma cells were implanted around the sciatic
thermal hyperalgesia can be detectfd9]. The nerve in BALB/c mice, these animals developed
reason why different treatments with vincristine can signs of allodynia and thermal hyperalgesia as the
produce either hyperalgesia or allodynia, or both, tumor grew and compressed the nerve. Signs of

remains to be clarified. spontaneous pain (paw lifting) were also visible.
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This model may have the advantage of producing for at least 16 days. Longer observation, and tests
gradual but progressive damage to the nerve. Inter- using other stimuli have not been reported. The
estingly, mechanical allodynia (measured by von development of spontaneous activity and sensitiza-
Frey filaments) could initially be observed (day 10), tion to heat in C-fibers correlate with the growth of
but the CIP-mice reverted to mechanical hyposen- tumor in the first 2 wi@gélq. Intraplantar ad-
sitivity on day 14. In cancer patients, pain may be ministration of ET-A receptor antagonist BQ-123 can
present with sensory loss in the affected area partially block tumor-associated mechanical hy-
[156,157]. peralgesia in the CBC mod§L70].
4.3. Bone cancer pain models 4.3.3. Rat tibia bone cancer model (TBC)
In the TBC model, MRMT-1 rat mammary gland

Bone cancer pain is one of the most common carcinoma cells are injected into the tibia bone of
cancer-related painNd58-160].Bone cancer can be Sprague—Dawley fa®2]. Bone destruction can be
primary or metastatic from breast, prostate, ovary detected within 10 days of tumor cell injection. The
and lung tumor$158]. Deep pain with a burning and onset of allodynia and mechanical hyperalgesia are
stabbing sensation is often described by bone cancer dose (tumor cell number)-dependent, and occur
patients[159,160]. Three bone cancer pain models within 10-12 days of tumor cell injection. Chronic
have been reported in the past 3 years; more cancer treatment with zoledronic acid, but not pamidronate
pain models will likely follow in the coming years. or the selective COX-2 inhibitor celebrex, attenuated

mechanical allodynia and hyperalgesia. The effect of

4.3.1. Mouse femur bone cancer pain model COX2 inhibitor in the TBC model is different from
(FBC) that in the mouse FBC mod§l66], suggesting that

In this model, osteolytic mouse sarcoma different bone cancer models may have different
NCTC2472 cells are used to induce bone cancer by underlying mechanisms based on animal species,
injecting tumor cells into the marrow space of the tumor type and location. Intravenous pamidronate
femur bone and sealing the injection sjfi61]. For has been shown to be effective in reducing the onset
histocompatibility, C3H/HeJ mice are used for this of skeletal complications and attenuating pain in
model. Within 5 days of sarcoma injection, cancer- patients with osteolytic metastases due to breast
induced bone destruction and osteoclastogenesis cancer and multiple my&kgha

begin. Signs of spontaneous (hocifensive behavior,

spontaneous flinching) and evoked pain (palpation-

evoked flinching), as well as changes in neurochemi- 5. Cellular models
cal markers occur within 14 day$62,163],and can

be attenuated by osteoprotegefit4,165]. Opioids Cell lines are useful for studying the molecular
and cyclooxygenase (COX)-2 inhibitors are also and cellular mechanisms of both acute and chronic
capable of reversing pain in this moddl66—168]. pain. When applying appropriate stimuli (e.g. ‘pain-
Further studies using this model suggest that cancer mediator chemicals’, low pH, heat) and relevant
pain is different from typical inflammatory or neuro- measurement endpoints, cellular models may mimic
pathic pain, as it affects an unique set of neuro- certain aspects of in vivo signal transduction between
chemical markers that share many similarities with cells or within a single cell. Most studies have
human cancer induced bone pir67—169]. utilized primary sensory neurons, which can be
harvested from naive or injured animals. Permanent
4.3.2. Mouse calcaneus bone cancer pain (CBC) cell lines are also available.

The CBC model is similar to the FBC model,
except that NCTC2472 cells are injected into mouse 5.1. Primary culture of sensory neurons
calcaneus bongl70]. Osteolysis, spontaneous pain
(paw licking) and evoked pain (mechanical and cold Sensory neurons can be isolated and cultured in
allodynia) occur 6 days after implantation and last vitro from different animal spgtig&g175]. The
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most widely used protocols use sensory neurons prostaglandins, and downstream signaling events
isolated from the neonatfl 75—177]and embryonic [194,201-204].Expression of other genes may be
[178,179] rat. Trigeminal and dorsal root ganglion induced by various differentiation conditions
sensory neurons in culture exhibit certain characteris- [190,205].However, these cells also have drawbacks

tics of those in vivo. These cells respond to cap- such as properties that belong to parental neuro-
saicin, bradykinin, substance P and prostaglandin blastoma N18Tg2 cells.

applied in the culturg175,179-181]showing prop-
erties similar to those of in vivo sensory neurons 5.2.2. Immortalized sensory cells by transformation

[182,183]. It is not known if gene and protein A permanent sensory cell line has been established
expression, especially those related to the sensory by immortalizing human embryonic sensory neurons
functions, are altered during the culture or by serum from dorsal root ganglia with a retroviral vector
or other chemicals in the media (e.g. nerve growth containingyc oncogend206]. A selected clonal
factor). Nevertheless, these cultures have been found cell line HD10.6 exhibits characteristics similar to
to be valuable for studying pain neurotransmitter those of small-diameter TrkA-positive sensory neu-
releasg178,184,185]elucidating signal transduction rorfe06]. These include sensory neuron-specific
[186—189],and identifying cell surface pain medi- transcription factors, immunoreactivity to substance
ators[190—195].Sensory neurons can be isolated not P and TrkA, responses to capsaicin and a P2X
only from naive animals, but also from animals that receptor agonist. Notably missing are the tetrodotox-
have been treated with drugs or subjected to nerve in (TTX)-resistant sodium channels, which are ex-
injury [194,196,197].Nerve terminals can even be pressed in sensory neurons in [20d, as the
injected with DilC18 before sacrificing the animals, entire current is TTX-sensitive in HD10.6 cells
so cells can be identified in culture for in vivo—in [206]. Overall, the preliminary results from the
vitro correlation and comparisoil77,191]. HD10.6 cells are very promising. This cell line may

be of great value for the study of cellular mecha-
5.2. Permanent sensory neuron cultures nisms pertaining to pain and its treatment.

Whereas primary cultures of sensory neurons
exhibit many of the innate properties of these 6. Conclusions
neurons, the disadvantage of primary cultures in-

clude laborious isolation procedures, limited cell Studies employing animal models, especially those

numbers, and heterogeneity of the primary culture. closely simulating certain clinical painful conditions,

There have been studies to establish permanent cell have markedly improved our knowledge of pain and

lines that have the properties of endogenous sensory its underlying mechanisms. In the next few years, it

cells. In general, two methods are used to immortal- is almost certain that more animal models will

ize neuronal cells: (i) viral or particular oncogene become available.

transformation; and (ii) fusion of neurons with other Data from different models should be reported and

immortalized cell lines. interpreted in the context of the specific pain model.
Although there may be common underlying mecha-

5.2.1. Immortalized sensory cells by fusion nisms in many chronic pain conditions (e.g. central

F-11[198,199]and ND[200] cell lines are created sensitizatif?08]), different models also have their

by fusing mouse N18Tg2 neuroblastoma cells with own specific underlying mechanisms. In the clinic,

postmitotic embryonic or adult dorsal root ganglia different pain syndromes can be observed in patients

sensory neurons, respectively. These cells are select- even with very similar injuries or digb&s

ed and established because of the presence of Although most rat models of chronic pain can be

neuronal markers and properties that are unique to reproduced in mice, different species respond to the

the parental rat sensory neurdti98-200].F-11 and same injury or disease differently. Similarly, age and

ND cells have been used to study responses to strain difference can affect the [2384812],

substance P, bradykinin, capsaicin, opioids, and and therefore strain and the commercial source of the
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animals should also be taken into consideration when [8] C.J. Woolf, R.J. Mannion, Neuropathic pain: aetiology,
Comparing results from different studies. symptoms, mechanisms, and management, Lancet 353

(1999) 1959-1964.
Although cultures of sensory neurons have been [9] M. Zimmermann, Pathobiology of neuropathic pain, Eur. J.

reported and used for over 20 years, cellular models Pharmacol. 429 (2001) 23-37.

have not been extensively used in pain study. The [10] R. Dubner, Neuronal plasticity and pain following peripheral
major concern is that expression of various func- tissue inflammation or nerve injury, in: M.R. Bond, J.E.
tional receptors, ion channels and neurochemicals Charlton, C.J. Woolf (Eds.), Proceedings of the VIth World

. - . Congress on Pain, Elsevier, Amsterdam, 1991, pp. 263-276.
may be ChanQEd from their native state durlng [11] C.J. Woolf, Windup and central sensitization are not equiva-

culturing and differentiation. With advances in DNA lent, Pain 66 (1996) 105—108.

microarray and proteomics techniques, it is NOW [12] Sw. Mitchell, Injuries of Nerves and Their Consequence,
possible to systematically compare gene and protein J.B. Lippincott, Philadelphia, PA, 1872.

expression in these cells under specific growth and [13] H. Markus, B. Pomeranz, D. Krushelnycky, Spread of
differentiation conditions. On the other hand, studies ~Saphenous somatotopic projection map in spinal cord and

lovi s i . | t ducti d hypersensitivity of the foot after chronic sciatic denervation
employing sensory Cells In signal transduction an in adult rat, Brain Res. 296 (1984) 27-39.

pain neurotransmitter release have Clear_ly demon- [14] JA. vallin, W.S. Kingery, Adjacent neuropathic hyperalgesia
strated the power of cell systems. Animal and in rats: a model for sympathetic independent pain, Neurosci.
cellular models are making it possible to rationally Lett. 133 (1991) 241-244.

design and screen drugs specifically for chronic pain. [15] B.H. Lee, R. Won, E.J. Bak, S.H. Lee, C.H. Moon, An
animal model of neuropathic pain employing injury to the

sciatic nerve branches, Neuroreport 11 (2000) 657—-661.
[16] M. Kawakami, J.N. Weinstein, K. Chatani, K.F. Spratt, S.T.
Acknowledgements Meller, G.F. Gebhart, Experimental lumbar radiculopathy.
Behavioral and histologic changes in a model of radicular
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