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Abstract: As sciatica and low back pain are among the most common medical complaints, many studies have duplicated
these conditions in animals. Chronic compression of the dorsal root ganglion (CCD) is one of these models. The surgery
is simple: after exposing the L4/L5 intervertebral foramina, stainless steel rods are implanted unilaterally, one rod for each
vertebra, to chronically compress the lumbar dorsal root ganglion (DRG). Then, CCD can be used to simulate the clinical
conditions caused by stenosis, such as a laterally herniated disc or foraminal stenosis. As the intraforaminal implanta-
tion of a rod results in neuronal somal hyperexcitability and spontaneous action potentials associated with hyperalgesia,
spontaneous pain, and mechanical allodynia, CCD provides an animal model that mimics radicular pain in humans. This
review concerns the mechanisms of neuronal hyperexcitability, focusing on various patterns of spontaneous discharge
including one possible pain signal for mechanical allodynia — evoked bursting. Also, new data regarding its significant
property of maintaining peripheral input are also discussed. Investigations using this animal model will enhance our un-
derstanding of the neural mechanisms for low back pain and sciatica. Furthermore, the peripheral location of the DRG fa-
cilitates its use as a locus for controlling pain with minimal central effects, in the hope of ultimately uncovering analgesics

that block neuropathic pain without influencing physiological pain.
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1 Introduction the symptoms should approximate the clinical situation;
) ] ] ) (2) related pain behavior should resemble specific chronic
Animal models are widely used in the laboratory in- . L
pain symptoms and be tractable to objective measurement;

(3) the model should be conducive to the study of the un-

derlying mechanisms; and (4) the preparation should be

vestigations of pain. Although there is considered to be
a cleft between the pain symptoms in patients and those

displayed i imal f: t of derstandi f . . . .
1Splaye 1.n anlfna.s, S0 Tar, MOst o (.)ur un ers' an 1n'g © simple and repeatable with a high ratio of success. Dozens
neuropathic pain is based on experiments with animal . . .
of models of neuropathic pain in rats and mice have been

models. Selection of a suitable model is important for eluci- . i .
) o i o established over the past 20 years' ', each intended to cover
dating certain pain symptoms. An ideal chronic pain model . . .
hould ( the following standards: (1) the ctiology of a particular facet. Chronic compression of the dorsal root
mee w : . . .

shod £ & ganglion (CCD) is one such model which has been de-

veloped for the specific case of radicular pain induced b
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In this review, we begin with a brief introduction to
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Fig. 1. A: Anatomical structure and pathological changes in the dorsal root ganglion (DRG) area in the coronal plane of the L3-LS5 spinal column (modi-
fied from Fig. 2, P107, Pain 1996 - An Updated Review, editor: James N. Campbell). Herniation of the intervertebral disc can impact the DRG

directly (asterisk, L4 right). It can also compress the dorsal root (asterisk, L3 left), damaging sensory axons directly and the DRG indirectly due to

mechanical traction forces. B: The CCD model. The anatomy around the intervertebral foramen is displayed, and the DRG and spinal nerve pass

through the intervertebral foramen where the L-shaped rod is inserted.

CCD model is established, then summarize the behavioral
tests on this model, as well as the hyperexcitability devel-
oped, particularly the ectopic firing pattern produced after
dorsal root ganglion (DRG) injury and its possible signifi-
cance in neuropathic pain. After that, distinct properties
of the CCD model in comparison with other models are

discussed.
2 The CCD model

2.1 Anatomy of the intervertebral foramina and estab-
lishment of the model As the spinal vertebrae are articu-
lated with each other, their bodies form a strong pillar of
support for the head and trunk, and the longitudinal verte-
bral foramen provides a canal that protects the spinal cord.
Between each pair of cervical, thoracic, and lumbar ver-
tebrae are bilateral apertures, the intervertebral foramina,
which allow the passage of the spinal nerve root, dorsal
root ganglion, spinal segmental artery, and transforaminal
ligaments, as well as veins communicating between the
internal and external plexuses. The size of the interverte-
bral foramen is variable due to spinal loading, posture, and
pathology, and it can be occluded in degenerative arthritis
and by space-occupying lesions such as tumors, metastases
and disc herniations.

The CCD model is established at the lumbar 4/5 (L4/

L5) intervertebral foramina (Fig. 1B), through which the
spinal nerves are connected with the sciatic nerve. It is
produced in the rat by implanting stainless steel rods uni-
laterally into the intervertebral foramina, one at L4 and the
other at LS. Details of the procedure have been described
previously™™. In brief, under sodium pentobarbital anes-
thesia and sterile conditions, the intervertebral foramina
at L4 and L5 on one side are exposed and L-shaped stain-
less steel rods are inserted to produce a steady compres-
sion against the L4/L5 DRGs. The procedure has two key
aspects. One is the angle of rod insertion. An L-shaped
needle is inserted into the intervertebral foramen at 30°
with respect to the dorsal midline and 10° with respect to
the vertebral horizontal line. When the needle tip reaches
the DRG, the hind leg muscles of the operated side exhibit
a slight, transient twitch. The needle is then withdrawn,
and a fine, L-shaped stainless steel rod, 4 mm in length, is
inserted along the path of the needle. Another key aspect
is the diameter of the rods, selected with the intent of ex-
erting high pressure on the DRG. The diameter (usually
0.5-0.8 mm) should be increased in relation to the animal’s
weight, but not so much as to destroy the capsule. Usually
a diameter of 0.5-0.6 mm is selected for 200-250 g rats
and diameters of 0.7 and 0.8 mm for 250-300 and 300-350 g,

respectively.



620

Neurosci Bull ~ October 1, 2012, 28(5): 618-630

2.2 Behavioral changes after establishment of the CCD
model During 5-35 days post-surgery, the hindpaw ip-
silateral to the injury shows a significant reduction in the
latency of foot withdrawal to noxious heat and manifests
persistent heat hyperalgesia”’. Moreover, both the mean
threshold force of punctate indentation and the mean
threshold temperature of heating required to elicit a 50%
incidence of foot withdrawal ipsilateral to the CCD are
significantly lower than the preoperative values™. The
number of foot withdrawals ipsilateral to the CCD during
a 20-min contact with a temperature-controlled floor is sig-
nificantly increased over preoperative values throughout 35
days of postoperative testing when the floor temperature is
4°C (hyperalgesia) and, to a lesser extent, when it is 30°C
(spontaneous pain)”’. In contrast, sham operation and acute
injury produce no changes in behavior other than slight
mechanical hyperalgesia ipsilateral to the acute injury that
lasts for 1 day.

Two kinds of mechano-allodynia have been noted in
patients with neuropathic pain: static, assessed by the von
Frey hair test, and dynamic, assessed by drawing a cot-
ton bud cross the skin”. Dynamic mechano-allodynia is
fairly common in patients, but has not been conclusively
evidenced in any other animal model. In the CCD model,
stroking the foot ipsilateral to the CCD with a cotton wisp
during the first 2 postoperative weeks elicits a reflex with-
drawal in most rats. However, to our knowledge, this kind
of mechanical allodynia has not been reported in other ani-

mal models of neuropathic pain””.

3 Development of DRG neuronal hyperexcit-
ability after establishment of the CCD model

After CCD, injured DRG neurons exhibit the charac-
teristics of hyperexcitability associated with the genera-
tion and maintenance of abnormal pain behavior. Such
persistent somal hyperexcitability may amplify or distort
the trains of action potentials generated from peripheral
receptors or cause the generation of spontaneous ectopic
discharges.

3.1 Hyperexcitability in DRG neurons The soma of the
DRG neuron is normally excitable, and this excitability

can increase and persist after injury of a peripheral nerve
or the ganglion. Neuronal hyperexcitability has been re-
ported in many studies of CCD. For instance, large DRG
neurons from injured rats are more excitable than those
from control groups, as indicated by their significantly
decreased current threshold and action potential threshold
and the increased number of discharges evoked by mem-
brane depolarization™”. In another study, an inflammatory
soup consisting of bradykinin, serotonin, prostaglandin
E2, and histamine remarkably increases the rates of spon-
taneous activity in CCD neurons, evokes more discharges
in silent CCD neurons than in controls, and decreases the
current and voltage thresholds for action potentials in both
intact and dissociated preparations''”. More specifically,
studies have been designed to determine whether the in-
creased excitability of DRG neurons produced by CCD
persists after their dissociation and culture, i.e. whether
the hyperexcitability is intrinsic to the soma. In this case,
the hyperexcitability of the dissociated cells, especially the
small cells, was shown to be produced by the dissociation
process itself'""”). Hence the whole-ganglion preparation
is better suited to the determination of neuronal properties
related to injury. And some in vivo experiments or intact
DRG intracellular recording results are more convincing.
Neurons in an injured DRG are characterized by the
production of a subthreshold membrane potential oscilla-
tion (SMPO) and the resulting spontaneous firing. Studies
have shown that these cells have a higher excitability than
those without an SMPO, and that the SMPO underlies the
pattern of spontaneous discharge (Fig. 2A—C), suggesting
that it is the basic electrophysiological change in hyper-
excitable DRG neurons™'*"*. The SMPO has properties
similar to those demonstrated by the ligature model of
neuropathic pain in which the L5 spinal nerve is tightly li-
gated proximal to its juncture with the L4 spinal nerve and
distal to the L5 DRG"". In investigations using this model,
the amplitude, frequency, and coherence of the SMPOs are
voltage-sensitive, and give rise to action potentials upon
reaching threshold. Their presence also proves to be a nec-
essary condition for sustained spiking at both resting and

depolarized membrane potentials, while neurons without
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Fig. 2. Intracellular electrophysiological recordings in hyperexcitable neurons in the CCD model (cited from Xing et al., Brain Res 2001”'; Song e al.,
Pain 2012""). A: Irregular spontaneous discharges and irregular subthreshold membrane potential oscillations (SMPOs) (left). Right panel:
scatter-plot of interspike intervals (ISIs) of the same neuron. B: A portion of original recording of an integer multiple pattern of spontaneous
discharge. Regular SMPOs can be seen when there are no spikes. The basic ISI and the bands can be clearly distinguished in the ISI scatter-plot
(right), revealing an integer multiple pattern of spontaneous discharge. C: Bursting pattern of spontaneous discharges and spindle-like SMPOs.
Right panel: ISI scatter-plot of the bursting pattern. D: Examples of evoked bursting (EB) induced in Ap DRG neurons by touching the peripheral

receptive field (D1) or stimulating the sciatic nerve (single pulse, arrow) (D2). The former evoked 3 EBs, which prolonged the response duration (D1,

left). The right trace in D1 is an extension of the framed area in the left trace.

an SMPO are incapable of sustained electrical discharge,
even when highly depolarized.

The presence of an SMPO also suggests a property,
membrane resonance, characterized by the selective re-
sponse of a neuron to inputs at preferred frequencies'”.
Our previous research on injured DRG neurons found that
noise enhances the SMPOs in a subset of neurons that have
a high-frequency (20100 Hz) intrinsic resonance'*’. This
finding suggests a future direction for exploring modulating

factors in the generation of chronic pain signals. Mean-

while, work by LaMotte’s group using the CCD model
has revealed another type of spontaneous discharge, which
occurs in the absence of SMPOs!"”. They also confirmed
that its origin was most likely the axon, which can also be
injured during DRG compression"”. Such spontaneous
discharges are consistent with invasion of the soma by ret-

% Their properties also resemble those of

rograde spikes
evoked bursts (Fig. 2D1, D2), which are discussed in Sec-
tions 4.1 and 4.2.

3.2 Potential mechanisms of hyperexcitability In the
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CCD model, the primary sensory neurons may be affected
directly by compression injury or indirectly by the activa-
tion of satellite glial cells and their adjacent immune cells.
These cells release a variety of inflammatory mediators
and neurotransmitters which can change the microenviron-
ment of the neurons, resulting in somal hyperexcitability
and the associated behavioral changes.
3.2.1 Signaling pathways for DRG neuronal hyperex-
citability Numerous signaling pathways in DRG sensory
neurons are implicated in the induction of hyperexcitability
associated with pain. Using specific agonists and inhibitors
of protein kinase A (PKA), Hu and co-workers determined
that PKA modulates spontaneous activity in injured DRG
neurons with myelinated axons”". By investigating nor-
epinephrine (NE) sensitivity in the CCD model, we further
determined that PKA-mediated triggering and enhance-
ment of SMPOs may be responsible for the excitatory
effects of NE on sensory neurons in neuropathic rats"*.
More recently, Song et al. found that in vivo application of
PKA and protein kinase G (PKG) antagonists transiently
depresses the behavioral hyperalgesia induced by CCD™,
In contrast, application of these agents to the ganglia of
naive, uninjured animals hardly affected the electrophysi-
ological properties of DRG neurons and foot withdrawal,
suggesting that sensitizing actions of the PKA/PKG path-
ways in the DRG are enabled by prior injury or stress”*.
Other signaling pathways modulating the hyperexcit-
ability of injured DRG neurons have also been identified.
Extracellular signal-regulated protein kinase, whose acti-
vation is a marker for the sensitization of dorsal horn neu-

[23]

rons in persistent pain“, is activated in DRG neurons fol-

lowing CCD, and may contribute to their hyperexcitability
through down-regulating a fast-inactivating K" current™!,
Using the behavioral tests discussed in Section 2.2, Ding
and co-workers have demonstrated a possible involvement
of the TRPV4-NO-cGMP-PKG signaling cascade in
CCD-induced thermal hyperalgesia™.

3.2.2 Cytokines and chemokines Cytokines are small
proteins constitutively expressed on the external mem-
brane surface in precursor form and can diffuse over short

distances to act on nearby cells. Inflammatory cytokines

such as tumor necrosis factor alpha (TNF-a) induce a fur-
ther cascade of cytokine production which may increase
the excitability of sensory neurons in normal rats and con-
tribute to spinal synaptic plasticity in inflammatory pain*®.
The CCD injury has been shown to increase neuronal re-
sponses to inflammatory cytokines"””. Exogenous TNF-a
causes pain and mechanical allodynia when applied to
the normal DRG, and further enhances ongoing allodynia
when administered to the compressed DRG. Endogenous
TNF-a contributes to the early development of mechanical
allodynia in rats with chronic DRG compression”*’.
Chemokines are chemotactic cytokines that induce
leukocyte migration and recruitment to sites of nerve
injury; they are known to contribute directly to nocicep-
tion by exciting DRG neurons"”. Using the CCD model,
White et al. demonstrated increased expression of mono-
cyte chemoattractant protein-1 (MCP-1) and its cognate
receptor, f chemokine receptor-2, in the compressed DRG.
Application of MCP-1 to an intact preparation of com-
pressed DRG in vitro has potent excitatory effects on DRG
neurons, and this does not occur in control ganglia®”. Fur-
thermore, the injury-induced effects of MCP-1 depend on
the site of injury, with greater effects after ganglion injury
than after injury of spinal or peripheral nerve”". An effect
of MCP-1 has also been found in spinal astrocytes through
the MCP-1-NMDA receptor signaling pathway"”, further
confirming the common effects of MCP-1 in chronic pain.
Nerve injury sometimes leads to chronic neuropathic pain
associated with neuroimmune activation and neuroinflam-
mation in both the peripheral and central nervous systems.
Such pain may now be considered a neuroimmune disor-
der™!. Future studies may highlight the role of the immune
system in modulating chronic pain in the CCD model and
possible therapeutics against the development and mainte-
nance of neuropathic pain.
3.2.3 Glial cells The cell bodies of sensory neurons in
the DRG are enveloped by satellite glial cells (SGCs); the
latter can also be affected by axonal damage that contrib-
utes to neuropathic pain. Since SGCs express receptors
for numerous neuroactive agents, they receive signals

from other cells and respond to environmental changes.
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As activation of SGCs may in turn influence neighboring
neurons, they are likely to affect signal transmission in
sensory ganglia®. SGCs in lumbar DRGs respond within
12 h after the onset of CCD, as indicated by their increased
expression of glial fibrillary acidic protein (GFAP), and
within one week™, their intercellular coupling through
gap junctions is significantly enhanced. With respect to
controls, SGCs in the compressed DRG also exhibit a sig-
nificantly reduced inwardly rectifying potassium (Kir) cur-
rent, increased input resistance and a depolarized resting
membrane potential. The Kir current in SGCs surrounding
spontaneously active neurons is significantly reduced 1 day
after compression but recovers within 7 days. These results
show that in the compressed DRG of the CCD model, re-
duced Kir current and enhanced GFAP expression in SGCs
are correlated with the development of neuronal hyperex-
citability, although details of the sensory neuron—glial cell

. . . 35
Interactions remain unclear[ ].

4 Ectopic discharges generated by CCD: prop-

erties, functions and mechanisms

4.1 Ectopic firing patterns recorded from the CCD
model DRG neurons injured by chronic compression gen-
erate a high incidence of spontaneous activity in a variety
of temporal patterns, such as periodic firing, irregular firing,
and bursting® (Fig. 2).

Integer multiples firing (IMF) is one such special firing
pattern characterized by interspike intervals that are integer
multiples of one basic duration. These are recorded from
injured DRG A-neurons, in which underlying SMPOs of
relatively stable amplitude and frequency are also found.
IMF can be induced in other periodically-firing DRG neu-
rons by local application of the Na" channel blocker tetro-
dotoxin (TTX), through decreasing the SMPO amplitude
or elevating the action potential threshold"*,

Bursting consists of periods of rapid spiking followed
by quiescent periods and occurs widely in the nervous sys-
tem. Spontaneous bursting (SB) has been shown to occur
in injured DRG neurons, where its dynamic mechanism
has also been investigated””. The complex irregular pat-

tern of SB in these neurons was found to be deterministic,

based on an analysis of a recorded series of interburst in-
tervals and the dynamical systems theory of elliptic bursting
(the subHopf/fold cycle type burster) developed by Eugene
M. Izhikevich™**".

Another important form of bursting firing observed in

the CCD model is evoked bursting (EB), a peripheral input
spike followed by somatic burst-firing. EBs can be evoked
by innocuous touch in the neuron’s receptive field or by
electrical stimulation exciting only A fibers of the sciatic
nerve (Fig. 2D). In a recent study, we demonstrated that the
incidence of EB significantly increased after CCD (43.3%
vs 13.3% in control). EB is maintained by an SMPO, and
its duration increases when the membrane is depolarized™.
In injured DRG neurons, SB sometimes coexists with EB.
The voltage-sensitivity of burst duration and the discharge
generation dependence on SMPOs have also been reported
in SB neurons. However, EB can be distinguished from
SB in at least two ways: one is the much faster upstroke
of the first spike, the other is the membrane potential level
at which the bursting starts™. These features indicate that
EB and SB are distinct firing patterns. In the next section
we discuss the significance of the identification of EB.
4.2 Ectopic discharges of different types may be pain
signals for different symptoms It is now extensively
accepted that the level of ectopic discharges is well cor-
related with that of pain behaviors in neuropathic rats"™”,
since blocking spontaneous discharges attenuates pain be-
haviors in both neuropathic animals and clinical cases*"*".
Similarly, the spontaneous discharges in the injured DRG
neurons of the CCD model play a critical role in both the
initiation and maintenance of the neuropathic pain state. In
light of the many different types of firing patterns recorded
from these neurons, it seems reasonable to ask if any are
associated with specific types of pain.

Tactile allodynia, the nociceptive response provoked
by innocuous mechanical stimuli™, is a common feature
of neuropathic pain. There is clear evidence that myelinated
AB fibers contribute to tactile allodynia in animals, as well
as in humans with peripheral neuropathy**!. EB, as noted
above, was identified from the CCD model with obvious

tactile allodynia behavior at a much higher incidence than
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in normal rats. The fact that EB depends on peripheral in-
put from AP afferents accords with the conditions required
for the production of tactile allodynia. Other investiga-
tions"*” have demonstrated that the pressure-evoked after-
discharge of wide dynamic range (WDR) neurons in the
dorsal horn is a cellular correlate of tactile allodynia. Our
work has confirmed this correlation in the CCD model.
We have also found that blockade of EB at the DRG level
suppresses the afterdischarge of WDR neurons, suggesting
that EB contributes to tactile allodynia and may be a can-
didate for its pain signal®®.

These results suggest that injured DRG neurons have
abundant patterns of abnormal spontaneous electrical ac-
tivity that may prove useful in decoding the relationships
between these patterns and the afferent signals they carry.
4.3 Transmembrane currents associated with ectopic
discharge Ectopic discharges that may contribute to the
neuropathic pain occurring after CCD are determined by
changes in the currents flowing through the DRG neuron
plasma membrane. Hence the regulation of these currents
has attracted a great deal of attention, most of which has
focused on the hyperpolarization-activated current (/,),
the TTX-sensitive and -insensitive Na™ currents (TTX-S
I, and TTX-R 1), the fast-inactivating and sustained K"
currents (I, and I,), and the persistent Na' current (Jyp).
In comparison with controls, CCD significantly increases
the current density and activation rate of /,, and since I,
activation provides a depolarizing current to the neuron, an
increase of I, enhances neuronal excitability'*”. To study
the effects of CCD on spiking and its associated voltage-
gated Na" and K" currents, cutaneous afferent neurons of
medium size (3545 pm) from the hindpaw of a rat CCD
model were identified by fluorogold labeling and selected
for whole-cell patch-clamp recording. The reduction in
I, @ hyperpolarizing shift in TTX-S I, activation, and an
increase in TTX-R I, relative to recordings from control
neurons may all contribute to the enhanced excitability of
the injured neurons and thus to the pain and hyperalgesia
associated with CCD™™. Similar results, i.e. increased
TTX-R and TTX-S I, but decreased density of the delayed

rectifier voltage-dependent K current, have been extended

to medium-sized DRG neurons, which mediate both noci-
ceptive and non-nociceptive sensory modalities'*”. In the
CCD model, persistent and transient Na" currents (Iy,, and
Iy,r) were investigated using recordings made under volt-
age clamp from injured DRG neurons. Since the presence
of low concentrations of lidocaine (10 umol/L) suppresses
SMPOs in these neurons by selectively inhibiting 7, but
not I, the persistent Na" current is likely to mediate the
generation of SMPOs"". This conclusion was confirmed
by the work of Yang ef al., who also showed that /,, con-
tributes to the shaping of the neuron’s repetitive firing. Ad-
dition of the anticonvulsant drug gabapentin, which is used
in the treatment of chronic pain, to injured A-type DRG
neurons abolishes the SMPOs and decreases the amplitude
of the associated membrane resonance through the inhibi-
tion of I, thereby inhibiting SMPO-dependent repetitive
spiking and burst firing"".

CCD neurons with EB exhibit an increased cur-
rent density of I, and 7, in addition to reduction of an
a-dendrotoxin (a-DTX)-sensitive current (/pry). The in-
creased /,, activated by afterhyperpolarization of peripheral
afferent action potentials is necessary for EB generation
and a balance between Iy and I, might be necessary for
EB maintenance”".

Taken together, these changes in transmembrane cur-
rents may contribute to the decreased excitation threshold
and/or accommodation that occur after CCD. It is worth
noting that most of the investigations discussed above
were carried out in medium-to-large DRG neurons, so
those channels expressed predominantly on small DRG
neurons, such as the transient receptor potential channels,

have received little attention.

5 Properties distinguishing CCD from other

models

Neuropathic pain is induced by many factors through
diverse mechanisms. Unraveling these mechanisms re-
quires laboratory animal models that replicate as far as
possible the pathophysiological states present in patients.
Table 1 briefly compares six peripheral neuropathic pain

models®*>*2% In this section, we also discuss the dis-



Xiao-Yu Lin, et al.

DRG compression as an animal model of sciatica and low back pain

625

Table 1. Comparison of different neuropathic pain models

Model Establishment Aim Features Disadvantages References
CCD Insert L-shaped fine To mimic the low back pain Maintainance of peripheral input, The rod used for com- [2113]
stainless-steel rods into and sciatica caused by absence of motor disorders, pression may induce a
the L5/L4 intervertebral foraminal stenosis or disc recordings of abundant patterns response different from
foramina to compress herniation of ectopic discharge the biological staffs like
the DRG. those of herniated
intervetebral disc.
Axotomy Ligate and transect the To develop experimental Entire denervation of the distal Autotomy and/or self- [52][53]
sciatic nerve. anesthesia dolorosa induced hindlimb, thereby blocking all mutilation
by damage of sciatic and sensory input from the denervated
saphenous nerves zone
CCI Place four loosely cons- Peripheral mononeuropathy Most of the A fibers have Wallerian Difficulty in controlling [6]
trictive ligatures around resembling causalgia by the degeneration, while ~50% of the the number and type of
the sciatic nerve. injury of common sciatic C fibers are preserved. injured nerves; damage
nerve to the motor function
controlling the hind foot
SNL Ligate either the L5 or To develop sympathetic- The levels of injured and intact Clinical cases are rare. [5]
both L5 and L6 spinal dependent neuropathic pain spinal segments are completely
nerves on one side. separated, allowing for their
independent experimental
manipulations.
SNI Transect the tibial and Partial denervation in which Permit behavioral testing of regions Mechanisms underlying [54]
common peroneal nerves the lesioned territories acquire of non-injured skin adjacent to the the generation of pain
in the popliteal fossa, a de novo innervation by the denervated areas. signals are difficult to
leaving the remaining spared nerves determine.
sural nerve intact.
PSNL Tightly ligate the dorsal To mimic the causalgiform The maintenance and production Difficult to study the [55][56]

1/3—1/2 of the thickness

of the sciatic nerve.

pain disorders in humans

of the sensory disorders depend

on sympathetic nervous outflow.

mechanism underlying

the injury site

CCD, chronic compression of the DRG; CCI, chronic constriction injury; PSNL, partial sciatic nerve ligation; SNL, spinal nerve ligation; SNI, spared nerve injury.

tinctive features of the CCD model in depth.

5.1 Maintenance of peripheral input Various models
are used to mimic the neuropathic pain arising from lesions
or diseases affecting the somatosensory system. The axo-
tomy model, which involves complete nerve transection in
an intact limb and results in self-mutilation of the digits,

mimics to some extent the spontaneous “phantom pain”

experienced by patients with amputation. In any case, the
human syndrome modeled by this assay, phantom limb
pain, in which the primary sensory neurons are completely
dissected from peripheral input, is rare®”. The chronic
constriction injury (CCI) or Bennet-Xie model constricts
the sciatic nerve without complete axotomy. In this model,

behavioral signs of spontaneous pain, hyperalgesia, and
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mechanical/thermal allodynia, along with rare cases of
autotomy behavior, have been observed®. Also, Wallerian
degeneration occurs in most of the fibers, especially in
those of the A type, thereby blocking peripheral input from
the corresponding neurons’ receptive fields.

A distinctive property of the CCD model is that most
of the peripheral inputs are preserved, including those
hyperexcitable neurons that also retain functional connec-
tivity with their peripheral targets. We have been able to
record afferent signals originating in the skin and muscle
spindles from most dorsal root fibers (unpublished results).
This means that in the CCD model, discharges from re-
ceptive fields can still be transmitted centrally. Somatic
primary sensory neurons are designed to “speak only when
spoken to”, and to respond specifically to peripheral stimu-
lation. But injured sensory neurons may develop “opinions
of their own” when a portion of their axon or soma be-
comes sufficiently hyperexcited to generate ectopic action

637991 A5 the somata of injured DRG neurons

potentials
may themselves be the origin of these spontaneous dis-
charges, the question arises as to how the ectopic activity
interacts with peripheral signals at the membrane level. We
have begun to address this issue in our recent investiga-
tions of EB"*.

5.2 Inflammation and compression injury in the CCD
model mimics radicular pain in humans Although
low back pain is among the most common of medical

11 "jts pathophysiology is poorly understood.

complaints
Among the many attempts to duplicate this condition in
experimental animals, the CCD model is one of the most
direct for inducing the prevalent clinical pain syndromes
caused by stenosis'"’, e.g. from a laterally-herniated disc or
foraminal stenosis. Intervertebral disc herniation is con-
sidered to produce pain primarily by mechanical compres-

(©1921 ' while the syndrome’s reversibility has been dem-

sion
onstrated by Song and co-workers. In their study, removal
of the rods producing the disc compression after the second
week prompted recovery at both the behavioral and elec-

31 In addition to the direct com-

trophysiological levels
pression established in the CCD model, other investigators

have found that inflammatory responses play a key role in

the development of radicular pain. Gu ef al. demonstrated
that the level of an inflammatory marker, inhibitory factor
kappabeta-alpha, is up-regulated in both the compressed
DRG and the adjacent spinal cord®”. Consistently, Homma
et al. have reported that mechanical allodynia induced in
the DRG can be partially blocked by a concurrent local
administration of a mixture of soluble TNF receptors, sug-
gesting that TNF-a contributes to the early development of
mechanical allodynia™

With the spinal compression characteristic of the
CCD model localized to the DRG, both sensory neurons
and spinal nerves are injured, thereby mimicking the ef-
fects of protrusion of an intervertebral disc seen clinically.
Moreover, the rods used in the establishment of CCD are
attacked by the immune system, incurring sterile inflam-
mation. Insertion of these rods can also damage spinal seg-
mental vessels passing through the intervertebral foramina,
which would tend to strengthen the inflammatory response.
(Although the clinical situation may differ, the condition
has symptoms similar to those of herniation of the nucleus
pulposus.) Hence both the spinal compression and its at-
tendant inflammation may be involved in the behavioral
and physiological consequences of CCD, making the ef-
fects of the model all the more similar to the complexities
of the clinical situation. Therefore, CCD is an animal model
mimicking radicular pain in humans'®”. Consistent with
this correspondence, recent therapies have focused atten-
tion on the relief of symptoms due to spinal compression
by the reconstruction of holes within the blocked lamina of
the vertebra!®’.

Many similar models have been developed based on
the CCD paradigm'®**”. One such modified version was
created by compressing the DRG with SURGIFLO™
(Johnson & Johnson, Somerville, NJ)*, a hemostatic
gelatin matrix that hardens within minutes after injection
and is extensively used in surgery. Rats subjected to DRG
compression with SURGIFLO™ develop thermal hyperal-
gesia and mechanical allodynia that last more than 30 days.
The benefit of using this biologically degradable material
compared to a metal rod is that its texture is similar to that

of a herniated disc, thereby more closely duplicating some
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clinical conditions'®”. The data suggest that this modified
rat model for chronic compression of the lumbar DRG may
be a useful tool for exploring the mechanisms of radicular
pain, as well as for the development of new therapeutic op-

tions for its treatment.
6 Conclusion

A schematic drawing of the proposed mechanisms un-
derlying the hyperexcitability of DRG neurons in the CCD
model is given in Fig. 3. In brief, compression of the nerve

root and the DRG as well as accompanying inflammatory

inflammation

factors contribute to the consequences of establishing the
model, which mimics the clinical radicular pain of patients
experiencing spontaneous pain, hyperalgesia and allodynia.
The increased excitability of DRG cells is considered to
be associated with the generation and maintenance of the
neuropathic pain state. The wide range of firing patterns
recorded from injured DRG neurons suggests the useful-
ness of their varied spontaneous discharges in decoding
peripheral sensory signals. Therefore, use of this animal

model is likely to increase our understanding of the neural

mechanisms for low back pain and sciatica.
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Fig. 3. Schema of the proposed mechanisms underlying the hyperexcitability of DRG neurons in the CCD model. The LS intervertebral foramen and the

inserted “L” shaped rod are displayed in the left upper panel; under these conditions both compression and inflammation contribute to the conse-

quences of CCD. A simplified scheme illustrating some of the molecular events in the hyperexcitable neurons is shown at the bottom right. These

events might develop in the enlarged area of the yellow square showing a neuron and satellite (middle upper panel). The effects of chemokines

from either satellite cells or immune cells are proposed. Colored symbols represent ion channels on the neuron membrane. DRG, dorsal root gan-

glion; ERK, extracellular signal-regulated protein kinase; I, fast-inactivating K' current; I, sustained K current; I, inward-rectifier K" cur-

rent; I,, hyperpolarization-activated current; I,,, persistent Na* current; IL-1, interleukin 1; MCP-1, monocyte chemoattractant protein-1; PKG,
protein kinase G; PKA, protein kinase A; TNF-o, tumor necrosis factor alpha; TTX-R I,, TTX-insensitive Na" currents; TTX-S I,, TTX-sensitive

Na“ current.
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One possible target for future research is clarifying the
relationship between peripherally-induced firing patterns
at the DRG level and pain symptoms at the behavioral
level. It is presently unclear how these firing patterns differ
during the processing of sensory signals, either as a direct
effect of the injury or in an indirect way, such as through
central sensitization. Apart from our preliminary results on
EB, still less is known about the correlation of ectopic dis-
charge patterns to different pain symptoms. In this respect,
various types of DRG neurons may play different roles
corresponding to hypothetical preferred firing patterns.
Furthermore, the mechanism for the hyperexcitability of
injured DRG neurons is not as highly developed as that
of other neuropathic pain models. Some mechanically-
sensitive channels may play a key role in low back pain, as
therapeutic stretch alleviates the pain sensations in some
cases. Determining the relevant subtypes of such channels
by PCR methods may prove useful in the development of
appropriate clinical therapies.

Current analgesic therapy has side-effects, especially
drugs that penetrate the blood-brain barrier. Alternative
painkiller development focused on the periphery should
take advantage of the CCD model, although this approach
is still in its infancy. The development of an analgesic
using spontancous discharge as the target to specifically
quench the ectopic pain signal would then perfectly satisfy
the ideal standard advocated by the International Associa-
tion for the Study of Pain: to block neuropathic pain with-

out influencing physiological pain.

Acknowledgements: This review was supported
by the National Natural Science Foundation of China
(30870829). We are grateful to Dr. Victor Z. Han and Dr.
Gerhard Magnus for English editing and to Jie Men and

Lun Yan for helping to design the cover image.

References:

[1]  Mogil JS. Animal models of pain: progress and challenges. Nat Rev
Neurosci 2009, 10(4): 283-294.
[2] Hu SJ, Xing JL. An experimental model for chronic compression of

dorsal root ganglion produced by intervertebral foramen stenosis in

[3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

the rat. Pain 1998, 77(1): 15-23.

Song XJ, Hu SJ, Greenquist KW, Zhang JM, LaMotte RH. Me-
chanical and thermal hyperalgesia and ectopic neuronal discharge
after chronic compression of dorsal root ganglia. J Neurophysiol
1999, 82(6): 3347-3358.

Ochoa JL, Yarnitsky D. Mechanical hyperalgesias in neuropathic
pain patients: dynamic and static subtypes. Ann Neurol 1993,
33(5): 465472.

Kim SH, Chung JM. An experimental model for peripheral neu-
ropathy produced by segmental spinal nerve ligation in the rat. Pain
1992, 50(3): 355-363.

Bennett GJ, Xie YK. A peripheral mononeuropathy in rat that pro-
duces disorders of pain sensation like those seen in man. Pain 1988,
33(1): 87-107.

Seltzer Z, Dubner R, Shir Y. A novel behavioral model of neuro-
pathic pain disorders produced in rats by partial sciatic nerve injury.
Pain 1990, 43(2): 205-218.

Song XJ, Vizcarra C, Xu DS, Rupert RL, Wong ZN. Hyperalgesia
and neural excitability following injuries to central and peripheral
branches of axons and somata of dorsal root ganglion neurons. J
Neurophysiol 2003, 89(4): 2185-2193.

Xing JL, Hu SJ, Long KP. Subthreshold membrane potential oscil-
lations of type A neurons in injured DRG. Brain Res 2001, 901(1—
2): 128-136.

Ma C, Greenquist KW, Lamotte RH. Inflammatory mediators
enhance the excitability of chronically compressed dorsal root gan-
glion neurons. J Neurophysiol 2006, 95(4): 2098-2107.

Ma C, LaMotte RH. Enhanced excitability of dissociated primary
sensory neurons after chronic compression of the dorsal root gan-
glion in the rat. Pain 2005, 113(1-2): 106—112.

Zheng JH, Walters ET, Song XJ. Dissociation of dorsal root gan-
glion neurons induces hyperexcitability that is maintained by in-
creased responsiveness to cAMP and cGMP. J Neurophysiol 2007,
97(1): 15-25.

LaMotte RH. Acutely dissociated sensory neurons: normal or neu-
ropathic? Focus on: ”Dissociation of dorsal root ganglion neurons
induces hyperexcitability that is maintained by increased respon-
siveness to cAMP and cGMP”. J Neurophysiol 2007, 97(1): 1-2.
Xing JL, Hu SJ, Xu H, Han S, Wan YH. Subthreshold membrane
oscillations underlying integer multiples firing from injured sensory
neurons. Neuroreport 2001, 12(6): 1311-1313.

Xing JL, Hu SJ, Jian Z, Duan JH. Subthreshold membrane poten-
tial oscillation mediates the excitatory effect of norepinephrine in
chronically compressed dorsal root ganglion neurons in the rat.
Pain 2003, 105(1-2): 177-183.

Liu CN, Michaelis M, Amir R, Devor M. Spinal nerve injury
enhances subthreshold membrane potential oscillations in DRG

neurons: relation to neuropathic pain. J Neurophysiol 2000, 84(1):



Xiao-Yu Lin, et al.

DRG compression as an animal model of sciatica and low back pain

629

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

205-215.

Hutcheon B, Yarom Y. Resonance, oscillation and the intrinsic
frequency preferences of neurons. Trends Neurosci 2000, 23(5):
216-222.

Wang YY, Wen ZH, Duan JH, Zhu JL, Wang WT, Dong H, ef al.
Noise enhances subthreshold oscillations in injured primary sen-
sory neurons. Neurosignals 2011, 19(1): 54-62.

Ma C, LaMotte RH. Multiple sites for generation of ectopic sponta-
neous activity in neurons of the chronically compressed dorsal root
ganglion. J Neurosci 2007, 27(51): 14059-14068.

Yu Y, Shu Y, McCormick DA. Cortical action potential backpropa-
gation explains spike threshold variability and rapid-onset kinetics.
J Neurosci 2008, 28(29): 7260-7272.

Hu SJ, Song XJ, Greenquist KW, Zhang JM, LaMotte RH. Protein
kinase A modulates spontaneous activity in chronically compressed
dorsal root ganglion neurons in the rat. Pain 2001, 94(1): 39—46.
Song XJ, Wang ZB, Gan Q, Walters ET. cAMP and cGMP con-
tribute to sensory neuron hyperexcitability and hyperalgesia in rats
with dorsal root ganglia compression. J Neurophysiol 2006, 95(1):
479-492.

Gao YJ, Ji RR. Light touch induces ERK activation in superficial
dorsal horn neurons after inflammation: involvement of spinal
astrocytes and JNK signaling in touch-evoked central sensitization
and mechanical allodynia. J Neurochem 2010, 115(2): 505-514.
Zhang Y, Cai G, Ni X, Sun J. The role of ERK activation in the
neuronal excitability in the chronically compressed dorsal root gan-
glia. Neurosci Lett 2007, 419(2): 153-157.

Ding XL, Wang YH, Ning LP, Zhang Y, Ge HY, Jiang H, et al. In-
volvement of TRPV4-NO-cGMP-PKG pathways in the development
of thermal hyperalgesia following chronic compression of the dorsal
root ganglion in rats. Behav Brain Res 2010, 208(1): 194-201.
Zhang L, Berta T, Xu ZZ, Liu T, Park JY, Ji RR. TNF-a contributes
to spinal cord synaptic plasticity and inflammatory pain: distinct
role of TNF receptor subtypes 1 and 2. Pain 2011, 152(2): 419-427.
Liu B, Li H, Brull SJ, Zhang JM. Increased sensitivity of sen-
sory neurons to tumor necrosis factor alpha in rats with chronic
compression of the lumbar ganglia. J Neurophysiol 2002, 88(3):
1393-1399.

Homma Y, Brull SJ, Zhang JM. A comparison of chronic pain be-
havior following local application of tumor necrosis factor alpha to
the normal and mechanically compressed lumbar ganglia in the rat.
Pain 2002, 95(3): 239-246.

Oh SB, Tran PB, Gillard SE, Hurley RW, Hammond DL, Miller RJ.
Chemokines and glycoproteinl120 produce pain hypersensitivity
by directly exciting primary nociceptive neurons. J Neurosci 2001,
21(14): 5027-5035.

White FA, Sun J, Waters SM, Ma C, Ren D, Ripsch M, ef al. Excit-

atory monocyte chemoattractant protein-1 signaling is up-regulated

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

in sensory neurons after chronic compression of the dorsal root
ganglion. Proc Natl Acad Sci U S A 2005, 102(39): 14092-14097.
Wang CH, Zou LJ, Zhang YL, Jiao YF, Sun JH. The excitatory ef-
fects of the chemokine CCL2 on DRG somata are greater after an
injury of the ganglion than after an injury of the spinal or peripheral
nerve. Neurosci Lett 2010, 475(1): 48-52.

Gao YJ, Ji RR. Targeting astrocyte signaling for chronic pain. Neu-
rotherapeutics 2010, 7(4): 482-493.

Austin PJ, Moalem-Taylor G. The neuro-immune balance in neuro-
pathic pain: involvement of inflammatory immune cells, immune-
like glial cells and cytokines. J Neuroimmunol 2010, 229(1-2):
26-50.

Hanani M. Satellite glial cells in sensory ganglia: from form to
function. Brain Res Brain Res Rev 2005, 48(3): 457—476.

Zhang H, Mei X, Zhang P, Ma C, White FA, Donnelly DF, ef al.
Altered functional properties of satellite glial cells in compressed
spinal ganglia. Glia 2009, 57(15): 1588-1599.

Jian Z, Xing JL, Yang GS, Hu SJ. A novel bursting mechanism of
type A neurons in injured dorsal root ganglia. Neurosignals 2004,
13(3): 150-156.

Izhikevich EM. The geometry of excitability and bursting. In:
Sejnowski TJ, Toggio TA (Eds.). Dynamical Systems in Neurosci-
ence. Cambridge, MA: MIT Press, 2006.

Song Y, Li HM, Xie RG, Yue ZF, Song XJ, Hu SJ, et al. Evoked
bursting in injured AP dorsal root ganglion neurons: a mechanism
underlying tactile allodynia. Pain 2012, 153(3): 657-665.

Han HC, Lee DH, Chung JM. Characteristics of ectopic discharges
in a rat neuropathic pain model. Pain 2000, 84(2-3): 253-261.
Devor M, Wall PD, Catalan N. Systemic lidocaine silences ectopic
neuroma and DRG discharge without blocking nerve conduction.
Pain 1992, 48(2): 261-268.

Gracely RH, Lynch SA, Bennett GJ. Painful neuropathy: altered
central processing maintained dynamically by peripheral input.
Pain 1992, 51(2): 175-194.

Sheen K, Chung JM. Signs of neuropathic pain depend on signals
from injured nerve fibers in a rat model. Brain Res 1993, 610(1):
62-68.

Yoon YW, Na HS, Chung JM. Contributions of injured and intact
afferents to neuropathic pain in an experimental rat model. Pain
1996, 64(1): 27-36.

Sandkiihler J. Models and mechanisms of hyperalgesia and allo-
dynia. Physiol Rev 2009, 89(2): 707-758.

Devor M. Ectopic discharge in Abeta afferents as a source of neu-
ropathic pain. Exp Brain Res 2009, 196(1): 115-128.

Pitcher GM, Henry JL. Nociceptive response to innocuous me-
chanical stimulation is mediated via myelinated afferents and NK-1
receptor activation in a rat model of neuropathic pain. Exp Neurol
2004, 186(2): 173-197.



630

Neurosci Bull ~ October 1, 2012, 28(5): 618-630

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

Yao H, Donnelly DF, Ma C, LaMotte RH. Upregulation of the hy-
perpolarization-activated cation current after chronic compression
of the dorsal root ganglion. J Neurosci 2003, 23(6): 2069-2074.
Tan ZY, Donnelly DF, LaMotte RH. Effects of a chronic compres-
sion of the dorsal root ganglion on voltage-gated Na" and K cur-
rents in cutaneous afferent neurons. J Neurophysiol 2006, 95(2):
1115-1123.

Fan N, Donnelly DF, LaMotte RH. Chronic compression of mouse
dorsal root ganglion alters voltage-gated sodium and potassium cur-
rents in medium-sized dorsal root ganglion neurons. J Neurophysiol
2011, 106(6): 3067-3072.

Dong H, Fan YH, Wang Y'Y, Wang WT, Hu SJ. Lidocaine suppress-
es subthreshold oscillations by inhibiting persistent Na' current
in injured dorsal root ganglion neurons. Physiol Res 2008, 57(4):
639-645.

Yang RH, Wang WT, Chen JY, Xie RG, Hu SJ. Gabapentin selec-
tively reduces persistent sodium current in injured type-A dorsal
root ganglion neurons. Pain 2009, 143(1-2): 48-55.

Wall PD, Devor M, Inbal R, Scadding JW, Schonfeld D, Seltzer Z,
et al. Autotomy following peripheral nerve lesions: experimental
anaesthesia dolorosa. Pain 1979, 7(2): 103—111.

Wall PD, Scadding JW, Tomkiewicz MM. The production and
prevention of experimental anesthesia dolorosa. Pain 1979, 6(2):
175-182.

Decosterd I, Woolf CJ. Spared nerve injury: an animal model of
persistent peripheral neuropathic pain. Pain 2000, 87(2): 149-158.
Shir Y, Seltzer Z. Effects of sympathectomy in a model of causal-
giform pain produced by partial sciatic nerve injury in rats. Pain
1991, 45(3): 309-320.

Seltzer Z, Dubner R, Shir Y. A novel behavioral model of neuro-
pathic pain disorders produced in rats by partial sciatic nerve injury.
Pain 1990, 43(2): 205-218.

Wall PD, Devor M. Sensory afferent impulses originate from dorsal
root ganglia as well as from the periphery in normal and nerve in-
jured rats. Pain 1983, 17(4): 321-339.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Liu CN, Michaelis M, Amir R, Devor M. Spinal nerve injury
enhances subthreshold membrane potential oscillations in DRG
neurons: relation to neuropathic pain. J Neurophysiol 2000, 84(1):
205-215.

Xie W, Strong JA, Meij JT, Zhang JM, Yu L. Neuropathic pain:
early spontaneous afferent activity is the trigger. Pain 2005, 116(3):
243-256.

Andersson GB. Epidemiological features of chronic low-back pain.
Lancet 1999, 354(9178): 581-585.

Cornefjord M, Sato K, Olmarker K, Rydevik B, Nordborg C. A
model for chronic nerve root compression studies. Presentation of a
porcine model for controlled, slow-onset compression with analy-
ses of anatomic aspects, compression onset rate, and morphologic
and neurophysiologic effects. Spine (Phila Pa 1976) 1997, 22(9):
946-957.

Winkelstein BA, Weinstein JN, DeLeo JA. The role of mechanical
deformation in lumbar radiculopathy: an in vivo model. Spine (Phila
Pa 1976) 2002, 27(1): 27-33.

Song XJ, Xu DS, Vizcarra C, Rupert RL. Onset and recovery of
hyperalgesia and hyperexcitability of sensory neurons following
intervertebral foramen volume reduction and restoration. J] Manipu-
lative Physiol Ther 2003, 26(7): 426-436.

Gu X, Yang L, Wang S, Sung B, Lim G, Mao J, ef al. A rat model
of radicular pain induced by chronic compression of lumbar dor-
sal root ganglion with SURGIFLO. Anesthesiology 2008, 108(1):
113-121.

Carette S, Fehlings MG. Clinical practice. Cervical radiculopathy.
N Engl J Med 2005, 353(4): 392-399.

Yeung AT, Yeung CA. Minimally invasive techniques for the man-
agement of lumbar disc herniation. Orthop Clin North Am 2007,
38(3): 363-372.

Hou SX, Tang JG, Chen HS, Chen J. Chronic inflammation and
compression of the dorsal root contribute to sciatica induced by the
intervertebral disc herniation in rats. Pain 2003, 105(1-2): 255-264.





