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17Underlying Mechanisms of Neuropathic Pain

Educational Objectives

1. Describe peripheral mechanisms of neuropathic 

pain.

2. Explain spinal and brain circuits involved in neuro-

pathic pain.

3. Discuss translational aspects of neuropathic pain 

mechanisms.

Introduction

Th e International Association for the Study of Pain 

(IASP) defi nes neuropathic pain as pain that is caused 

by a lesion or disease of the somatosensory system 

(www.iasp-pain.org; see also [87]). Neuropathic pain 

may persist beyond the phase of the acute injury, turn-

ing into a chronic disease. Th e pathophysiology of neu-

ropathic pain includes a complex and redundant system 

of neural generators, circuits, and mediators that we 

are only beginning to understand. Th e neuroanatomi-

cal changes in response to injury consist of a combina-

tion of peripheral and central adaptive and maladaptive 

mechanisms. Th e adaptive processes are varied and 

include changes in both pronociceptive and antino-

ciceptive systems. Th is chapter will focus on neuronal 

properties, ion channels and receptors, synaptic physi-

ology, and the regulation of infl ammatory mediators 

after nerve injury. Since most progress has been made 

through research in animal models, we will carefully ex-

plore which fi ndings have been successfully translated 

to the situation in human disease.

Neuropathic Pain Pathophysiology: 
Th e Peripheral Nervous System 

Background 

Normally, sensory experience arises when impulse 

discharges initiated by noxious stimuli applied to no-

ciceptive sensory endings in skin, viscera, and other 

peripheral tissues reach a conscious brain. When tis-

sues become infl amed (e.g., secondary to burns or in-

fections), nociceptive endings may become hypersen-

sitive, resulting in infl ammatory pain. But when frank 

injury or disease has aff ected peripheral nerves (neu-

ropathy), sensory ganglia (gangliopathy), or sensory 

roots (radiculopathy), pain signals may arise at ecto-

pic locations at a distance from the sensory ending. 

Th e resulting abnormal impulse discharge gives rise to 

neuropathic pain. Th e pathophysiological changes re-

sponsible for the development of ectopic impulse dis-

charge (“ectopia”) can be precipitated by a wide vari-

ety of events including trauma (frequently iatrogenic), 

nerve entrapment, infection (bacterial or viral), sterile 

infl ammation, metabolic abnormalities, malnutrition, 
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vascular abnormalities, neurotoxins (including many 

chemotherapeutic agents), radiation, inherited muta-

tions, and autoimmune attack. Each event gives rise 

to one or more distinct clinical diagnoses, where the 

common denominator is the presence of neural pathol-

ogy and resulting ectopia. Th e most common locations 

of ectopic impulse generation are the site of injury it-

self and associated dorsal root ganglia (DRGs). In ad-

dition to directly driving pain sensation (spontaneous 

or evoked), the abnormal impulse discharge in the pe-

riphery may induce and maintain various pain amplifi -

cation processes in the central nervous system (CNS). 

Th ese processes fall under the general headings of “cen-

tral sensitization” and “endogenous pain modulation.” In 

this section we will touch on the characteristics of ec-

topic impulse generation, some of the cellular mecha-

nisms that underlie it, and how currently available drug 

treatments aff ect these mechanisms to provide a mea-

sure of pain relief. In sections below we will discuss 

how impulses generated in the periphery, in healthy or 

infl amed sensory endings, or ectopically in the event of 

neuropathy, amplify nociceptive signals at synaptic re-

lays in the CNS. 

Nerve Injury and Disease Trigger Ectopia

From Neural Pathology to Pain 

All of the untoward events that underlie the various 

neuropathic pain diagnoses cause frank pathology in 

the axon or cell soma of sensory neurons and/or dis-

ruption of the myelin sheath that surrounds myelinated 

axons (dysmyelination and demyelination). Disrup-

tion of the sheath that bundles nonmyelinated axons 

(Remak bundles), which, like myelin, also derive from 

Schwann cells, may contribute as well. It is clear why 

damage that prevents axons from propagating nerve 

impulses causes hypoesthesia and numbness, so-called 

“negative” symptoms, given that nerve conduction is 

disrupted. It is much less obvious why such pathology 

may also cause “positive” sensory symptoms and signs 

such as ongoing and evoked paresthesias, dysesthesias, 

and pain. 

Th e link between nerve pathology and abnor-

mal sensation is ectopic impulse generation. If nerve 

injury happens suddenly, a brief, sharp sensation 

arises owing to “injury discharge” in the acutely sev-

ered axons. In general, however, ectopia results from 

secondary changes in the aff erent neuron that devel-

op over time [25]. It is important to note that ectopic 

discharge and consequent neuropathic pain are not 

obligatory consequences of nerve injury. Th ey do not 

always occur. Simple paper cuts, for example, always 

cut fi ne axonal branches but only rarely precipitate neu-

ropathic pain. Likewise, it is very uncommon for tooth 

extraction or root canal treatment to provoke chronic 

pain. Even major nerve injury does so in only some in-

dividuals. Th ere appear to be other predisposing factors 

that determine whether painful ectopia will arise after a 

particular type of nerve injury in a particular individual. 

One factor that has captured the imagination of investi-

gators recently is genetic predisposition [5].

Spontaneous Ectopic Discharge 

When conditions are right, a signifi cant fraction of 

sensory neurons begin to fi re spontaneously in the 

hours and days following nerve injury, as many as one 

third in some experimental preparations in animals. 

Microneurographic recordings in patients with nerve 

injury have revealed that similar changes occur in hu-

mans diagnosed with a variety of chronic pain condi-

tions, including some conditions such as fi bromyalgia 

and phantom limb pain that were previously assumed 

to originate in the CNS [25,63,76]. Th is information 

has led some investigators to speculate that chronic 

pain after nerve injury always has its origins in the pe-

riphery, and that secondary CNS changes serve to am-

plify and distort primary peripheral nervous system 

(PNS) signals but do not drive pain directly. Th is pos-

sibility could have important consequences for the tar-

geting of therapeutic interventions. 

Th ere are a number of alternative cellular ori-

gins of spontaneous ectopic impulse activity, which 

include the swollen endbulbs that form in the neu-

roma just proximal to sites of axonal transection [39], 

outgrowing sprouts, patches of demyelination, and 

the cell soma in the DRG. In animal experiments, 

sustained ectopic fi ring usually begins earliest in my-

elinated axons (A fi bers), sometimes only hours after 

axotomy, with a preference for muscle over cutaneous 

aff erents. Activity in unmyelinated (C) fi bers tends to 

develop in earnest later, after a few weeks. Specifi c pa-

rameters vary with the type of nerve, the type of in-

jury, the impulse source (e.g., axon or soma), and the 

strain and species of the animal studied [25]. Firing 

pattern is usually tonic-rhythmic (i.e., continuous), 

bursty, or irregular, with the occasional neuron show-

ing complex, often cyclic, variations in fi ring pattern. 

Firing rates vary from very slow (<1 impulse/second) 
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to very high (>100 impulses/second, especially with-

in impulse bursts). Th e process that underlies each of 

these patterns is reasonably well understood [1]. Inter-

estingly, observations in nerves in which only some of 

the axons have been severed show that spontaneous 

ectopic activity may also develop in neighboring “unin-

jured” axons, particularly in C fi bers [79,92]. Th e com-

plex and idiosyncratic mix of fi ber type, fi ring pattern, 

and fi ring rate is probably the primary determinant of 

the quality of the neuropathic pain experienced by pa-

tients: steady burning, stabbing, cramping, or paroxys-

mal shock-like, for example. By the same token, sensory 

quality can provide diagnostic information on the nature 

of the ectopia. Such information, in principle at least, 

could inform the choice of drugs that might be eff ective. 

Ectopic Mechanosensitivity 

An intense stabbing or shock-like sensation is com-

monly evoked by gentle tapping over sites of nerve in-

jury, nerve entrapments, and neuromas; this sensation is 

the Tinel sign. Other maneuvers that apply mechanical 

force to injured nerves or spinal roots evoke similar sen-

sations. Examples are straight leg lifting in patients with 

radicular pain (Lasègue’s sign) and the signs of Spurling 

and Lhermitte. Tapping along the length of a nerve with 

disseminated neuropathic changes, such as in painful 

diabetic neuropathy, may also evoke dysesthesias. Th ese 

sensory signs correspond to the experimental obser-

vation, in animals and in microneurographic record-

ings from humans, that show that transient mechanical 

stimulation at ectopic pacemaker sites triggers ectopic 

discharge [25,63]. Interestingly, the discharge frequently 

outlasts the stimulus itself, fading away only after many 

seconds or a minute or two. Th is “afterdischarge” corre-

sponds to the “aftersensation” that is felt. Th e fact that 

the ectopia and the sensation it drives outlast the stimu-

lus indicates that the underlying mechanism is not just 

direct impulse activation, or signal amplifi cation. Rather, 

it indicates that the stimulation has kindled an intrinsic 

repetitive fi ring process at the ectopic pacemaker site, a 

sort of transient spontaneous fi ring. 

Th e presence of mechanosensitivity does not 

necessarily mean that there will also be spontaneous 

fi ring. In fact, mechanically evoked ectopia in the ab-

sence of spontaneous ectopia is a common observa-

tion. In contrast, it is unlikely that spontaneous ecto-

pia ever occurs in the absence of mechanosensitivity. 

Experimental studies have shown that when an ectopic 

pacemaker site fi res spontaneously, the spontaneously 

generated impulses and the ones evoked by mechani-

cal stimulation originate at precisely the same location, 

and therefore they are probably due to the same patho-

physiological impulse-generating process (discussed be-

low). Because of the common impulse-generating pro-

cess, in real-life situations it is easy to confuse pain due 

to mechanically evoked ectopia (and afterdischarge) 

with pain due to spontaneous fi ring. During movement 

(walking, running) and even simple weight bearing, me-

chanical forces are very likely to be applied to ectopic 

pacemaker sites [6]. Even while we are sitting quietly, 

mechanical forces may also apply as we adjust our pos-

ture. 

Other Factors that Enhance Ectopic Firing 

In addition to mechanical forces, ectopic pacemaker 

sites develop abnormal sensitivity to a variety of other 

factors. A potentially important factor is activation by 

circulating catecholamines and by norepinephrine re-

leased from postganglionic sympathetic axons [26]. 

Resulting sympathetic-sensory coupling is thought to 

contribute to sympathetically maintained neuropathic 

pain states. Abnormal sensitivity to local and circulat-

ing infl ammatory mediators such as tumor necrosis fac-

tor α (TNF-α), interleukin 1- β (IL1-β), and bradykinin 

is a second example. Th e emergence of sensitivity to 

infl ammatory mediators in injured aff erents blurs the 

distinction between infl ammatory pain and neuropathic 

pain. When these mediators sensitize or activate sen-

sory endings, we speak of infl ammatory pain. When the 

same molecules enhance activity at ectopic pacemaker 

sites, the resulting pain is neuropathic [25].

Temperature changes (notably cooling), isch-

emia, hypoxia, hypoglycemia, and other conditions ca-

pable of locally depolarizing aff erent neurons at sites 

that have developed ectopic pacemaker capability can 

also enhance ectopic discharge and the resulting pain 

sensation [25]. Intact sensory endings may be sensitive 

to these chemical and physical stimuli, but mid-nerve 

axons (where neuromas form after trauma) gener-

ally are not. For example, press on the median nerve 

in your forearm. You feel your fi ngertip on the overly-

ing skin. But if this pressure had activated axons in the 

median nerve, you would have felt a tingling sensation 

in the palm of your hand. If the nerve was healthy at 

the spot where you pressed, you presumably did not 

feel such tingling. Th is simple demonstration illustrates 

that intact sensory neurons are basically incapable of 

generating sustained impulse discharge at mid-nerve. 
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Th ey are designed to fi re exclusively in response to natu-

ral stimuli applied to the sensory endings in skin, mus-

cle, etc., where the neuronal membrane is specialized for 

impulse initiation. Th e key change in neuropathy is not 

so much that physical and chemical activating factors 

are brought to bear at ectopic locations, but that nerve 

fi bers develop an abnormal ability to respond to them. 

Cellular Mechanisms of Ectopic                  
Impulse Generation

Th e cascade of cellular events that lead to the develop-

ment of ectopic pacemaker capability and ectopic neu-

ronal discharge begins with the injured primary senso-

ry neuron. Our current understanding of the process 

is as follows. 

Altered Gene Expression 

Axonal transection blocks the normal retrograde fl ow 

of neurotrophic signaling molecules—glial-derived 

neurotrophic factor (GDNF), nerve growth factor 

(NGF), and perhaps others—between the periph-

eral innervated tissue and the sensory cell body in the 

DRG. Th is process triggers a change in the quantity of 

various genes “expressed” (in eff ect, proteins synthe-

sized) by the cell body. Th e proteins synthesized are 

exported by anterograde axoplasmic transport to the 

membrane of (1) the DRG cell soma, (2) patches of 

mid-nerve demyelination and (3) the ending(s) of the 

injured peripheral axon, notably neuroma endbulbs 

and sprouts [8,18,93]. Th ese changes, in turn, alter the 

“phenotype” (functional behavior) of the injured af-

ferent neuron, supporting the emergence of ectopic 

electrical impulse generation and abnormal sensitiv-

ity to its chemical and physical environment. Remark-

ably, the expression of several thousand genes are up- 

or downregulated (i.e., increased or decreased) in the 

DRG after nerve injury. Of these thousands of genes, it 

is not yet clear which are critical for neuronal hyperex-

citability and pain, and which relate to other processes 

triggered by nerve injury such as nerve regeneration. 

Proteins synthesized in the cell body are also trans-

ported to the central (synaptic) endings of the aff er-

ent axon, where signifi cant functional changes also, no 

doubt, occur. Th is aspect of nerve pathophysiology has 

not received as much experimental attention to date as 

the peripheral axon end. 

Prominent among the numerous proteins whose 

synthesis is regulated by nerve injury are the ion chan-

nels that are known to form the basis of nerve impulse 

generation (the “molecules of excitability”). Th e most 

important of these are voltage-gated Na+ channels, the 

channels that generate the upstroke of the nerve ac-

tion potential. Voltage-sensitive K+ channels tend to 

hold impulse generation in check. Interestingly, at 

least some of these channels are downregulated in af-

ferent neurons after axotomy, “releasing the brakes” 

on repetitive fi ring. Th is downregulation is thought to 

contribute substantially to ectopia [49]. Other channel 

types and conductances thought to contribute are cer-

tain Ca2+ channels, hyperpolarization-activated cyclic 

nucleotide-gated (HCN) channels (the Ih “pacemaker” 

channel), KCNQ potassium channels, the β
4
-subunit-

associated resurgent Na+ current, and a persistent Na+ 

conductance (gNaP). Th eir specifi c role, at this stage, 

remains uncertain. 

Altered Protein Traffi  cking

In addition to changes in gene expression in injured 

sensory neurons, the delivery (“traffi  cking”) of trans-

ported molecules to their intended address is disrupted. 

Th e most important change of this sort is the accumu-

lation or depletion of molecules responsible for neu-

ronal excitability at ectopic impulse generation sites. 

Most notable is the accumulation of Na+ channels in 

axon sprouts, in neuroma endings, and in areas of de-

myelination at ectopic pacemaker sites [25]. Th is ac-

cumulation has been documented in painful neuromas 

dissected from neuropathic pain patients as well as in 

animal neuropathy models. Many other molecules in-

volved in impulse initiation, both ion channels and 

membrane receptors of various sorts, are also known to 

accumulate in neuromas. Interestingly, even though the 

synthesis of most of the diff erent types of Na+ channels 

is downregulated within the cell soma, these channels 

still accumulate in excessive numbers at the axon end-

ing. Altered synthesis and altered traffi  cking need to be 

considered as diff erent processes. 

Altered Behavior of Channel                                
and Receptor Molecules 

A third process that contributes to ectopic impulse 

generation is altered channel kinetics. Th e  deter-

minant of neuronal excitability is not ion channel 

proteins per se, but the ionic currents they carry. In-

creasing the mean time that a channel is open, for ex-

ample, will increase current fl ow (and the activation 

of neurons) just as much as having an increase in the 

number of ion channels present. Proinfl ammatory 
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cytokines and other mediator molecules associated 

with neuropathy can aff ect the behavior of ion chan-

nels in this way. For example, cyclic adenosine mono-

phosphate (cAMP)-dependent phosphorylation of Na+ 

channel molecules reduces Na+ current, whereas de-

phosphorylation returns it to normal (e.g., [41,52]. A 

variety of hormones, neurotrophic factors, cytokines, 

prostaglandins, and other infl ammatory mediators can 

activate protein kinases A and C (PKA and PKC) and 

are hence positioned to aff ect ion channels and the ba-

sic excitability of aff erents, not just to depolarize and 

excite sensory endings. Corresponding changes are 

known to occur also in the receptor molecules that ac-

cumulate in the axonal membrane in neuropathy, con-

tributing to pathophysiological mechanosensitivity, 

chemosensitivity, and so on. Glial and immune cells 

have been identifi ed as a signifi cant source of mole-

cules that alter neuronal excitability. 

Drugs with Effi  cacy in Neuropathic Pain Aff ect 
Ectopic Impulse Generation Peripherally 

One of the enduring embarrassments in the fi eld of 

pain science and medicine is that most of the drugs 

with proven effi  cacy in the treatment of neuropathic 

pain were adopted post hoc from other disciplines, 

rather than having been developed with the aim of 

pain relief. Th us, the fi rst-line analgesic agents used in 

the treatment of neuropathic pain are anticonvulsants, 

antidepressants, anti arrhythmics, and local anesthet-

ics [38] (http://papas.cochrane.org/our-reviews). While 

on the face of it these agents represent highly diverse 

drug families, there is a common denominator. All of 

the agents that are eff ective analgesics in neuropathy 

are “membrane stabilizers”; they reduce membrane ex-

citability and hence suppress ectopic neural discharge 

[24]. Importantly, only some members of each of these 

drug families can relieve neuropathic pain. For example, 

barbiturates and benzodiazepines are powerful anticon-

vulsants, but they act synaptically; they are not mem-

brane stabilizers, do not suppress ectopia and are not 

analgesic. Th e ones that are analgesic, such as carbam-

azepine, phenytoin, and gabapentin, all suppress ecto-

pia, mostly by acting on ion channels. Th e same holds 

true for antidepressants. Tricyclics, and to a lesser ex-

tent serotonin and norepinephrine-selective reuptake 

inhibitors (SNRIs), are eff ective pain relievers. Although 

they are best known as inhibitors of catecholamine 

reuptake, they are also powerful Na+ channel blockers 

and hence membrane stabilizers. Selective serotonin 

reuptake inhibitors (SSRIs), in contrast, are ineff ective 

at stabilizing membranes and correspondingly are inef-

fective at relieving pain [27]. 

Unfortunately, the clinical usefulness of these 

drugs is limited by the presence of diffi  cult or intol-

erable side eff ects: sedation, vertigo, and nausea. Th e 

reason is that, just as they suppress the fi ring of aff er-

ent neurons, they also alter the fi ring of neurons in 

the brain. Since most of the desired analgesic action 

of these drugs is in the PNS (suppression of ectopia), 

whereas the unwanted side eff ects occur mostly in the 

CNS, in theory there are a number of potential av-

enues for improving their therapeutic profi le. For ex-

ample, one could better target drug delivery to PNS 

pain generators (e.g., DRGs), or reduce drug perme-

ation through the blood-brain barrier (while preserv-

ing PNS activity). 

Substrates of Central Sensitization

Beyond abnormal activity in primary aff erents, mispro-

cessing at the central level is a key element to exagger-

ated pain (hyperalgesia) but also aberrant pain sensa-

tion (allodynia). Th e phenomenon is often referred to 

as “central sensitization,” where the gain of transmission 

from sensory fi bers can be seen as being amplifi ed at 

the diff erent relay levels in the CNS (the dorsal horn of 

the spinal cord, brainstem/thalamic nuclei, or even at 

the cortical level) [71,99]. Yet, what is most likely more 

critical is the perception of pain in response to stimuli 

that do not activate nociceptors. In fact, it appears that 

for tactile allodynia in neuropathic pain, sensitization of 

nociceptors is not the explanation, and tactile pain re-

sults from activation of low-threshold aff erents, includ-

ing Aβ aff erents [25]. How can innocuous input trigger 

signals that are processed centrally to be interpreted as 

painful? Several scenarios can be envisaged, and multi-

ple etiologies are likely to be involved. Here, we will fo-

cus on spinal mechanisms because this is where most of 

the cellular signaling studies have been performed and 

knowledge is most advanced, but many of the principles 

illustrated can be transposed to higher relay stations in 

nociceptive pathways.

A large body of evidence indicates that injury 

either to the PNS or CNS causes a number of chang-

es in the CNS, which lead to abnormal information 

processing and hyperexcitability. These changes in-

clude release of neuromodulatory compounds from 

sensory fibers, intrinsic spinal neurons, and glial 
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cells (microglia and astrocytes); changes in the in-

trinsic properties of neurons involved in the integra-

tion and relay of sensory information; plastic chang-

es at synapses between sensory afferents and spinal 

neurons; and loss of cells or rewiring (for reviews 

see [71,96]). The end result can be summarized into 

two general phenomena: enhanced excitation and 

diminished inhibition. These changes will affect the 

gain of transmission at the central level, causing en-

hanced output to supraspinal areas in response to a 

given input, as well as unmasking normally silent in-

terconnections, yielding responses to innocuous in-

put within normally purely nociceptive pathways.

Enhanced Excitation

Enhancing the gain of transmission at the spinal level 

has been suggested as an important substrate of pain 

hypersensitivity [71,91]. It can take several forms, in-

cluding increase in discharge of spinal output (sum-

mation) to repetitive input from C fi bers (wind-up). 

Th e latter is a short-lived process that subsides imme-

diately upon cessation of input. Interestingly, the estab-

lished enhanced output in wind-up is very sensitive to 

NMDA-receptor blockade, which separates spinal path-

ways from other areas of the CNS in this respect and 

may have to do with the lower Mg2+ sensitivity of the 

NMDA-receptor subtypes prevailing in spinal lamina I 

excitatory neurons [84]. More relevant to central sen-

sitization is likely the phenomenon of long-term po-

tentiation (LTP) to C-fi ber stimulation, which involves 

a longer-lasting increase in gain at aff erent to dorsal 

horn synapses [71]. Whether LTP in nociceptive path-

ways can be maintained over very long periods (days 

to years) to explain chronic pathological pain remains 

to be elucidated. Evidence indicates that some form of 

sustained aff erent input is necessary to maintain neuro-

pathic pain [28,71,99].

A key feature of neuropathic pain is allodyn-

ia, which entails a central nociceptive response to 

innocuous stimulation. Evidence that normally no-

ciceptive specific spinal neurons respond to innocu-

ous input after nerve injury [46,51] indicates that 

normally silenced connections must be unmasked, 

or  new connections formed, to explain the change 

in properties of these cells. For LTP to be a substrate 

of such phenomena would mean that enhancing the 

gain at some synapses causes normally subliminal in-

terconnections between pathways to “break through” 

and enable input from low-threshold afferents to 

reach nociceptive output neurons. It is interesting in 

this context to note that  polysynaptic interconnec-

tions exist between Aβ afferents and spinal lamina I 

neurons, although they do not normally receive di-

rect monosynaptic input from these afferents. How-

ever, these functional polysynaptic connections ap-

pear to involve strong NMDA-receptor-mediated 

components [85]. Thus, analgesia by NMDA-recep-

tor antagonists may reflect blockade of these poly-

synaptic pathways rather than LTP reduction.

Disinhibition 

Disinhibition appears to be a common substrate with 

other pathophysiological conditions of the CNS, such 

as traumatic injuries and epilepsy [68,86]. It results in 

a general increase in the excitability of individual neu-

rons and networks of neurons, but it also has the poten-

tial to allow inputs to be relayed through pathways that 

are normally kept silent by inhibition, thus destabilizing 

neuronal circuits.

Over 80% of spinal lamina I output neurons 

are nociceptive specifi c and do not receive direct in-

put from low-threshold aff erents [46,70] (although 

they can receive such input indirectly through feed-

forward excitatory interneurons [17]). Yet, the ma-

jority spinal lamina I output neurons respond to 

innocuous touch after nerve injury [46]. Blocking 

γ-aminobutyric acid A (GABA
A
) and glycine receptors 

replicates symptoms of neuropathic and infl ammatory 

pain [77,78,80,82,94] and unmasks low-threshold re-

sponses to tactile stimulation in spinal and trigeminal 

lamina I neurons [46,60]. Similarly, normally nocicep-

tive-specifi c thalamic neurons respond to innocuous 

input following blockade of spinal glycine receptors 

[78]. Th is response can be explained by the unmasking 

of polysynaptic links between Aβ fi bers and lamina I 

neurons that are normally repressed by spinal inhibi-

tion [3,46,53,60,85], eff ectively allowing a crosstalk be-

tween low- and high-threshold pathways.

In consistency with this explanation, stud-

ies have shown that peripheral nerve injury causes 

loss of inhibition at the spinal level. Potential underly-

ing mechanisms include degeneration of inhibitory in-

terneurons [44,62,72], although hypersensitivity after 

nerve injury has been reported without any apparent 

loss of interneurons [66,67], and altered expression of 

GABA (or its synthesizing enzyme glutamate decar-

boxylase) and/or GABA
A
 receptors, although fi ndings 

appear to diff er depending on chronic pain models and 
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animal strains [10–12,62,81]. An alternative mechanism 

that has emerged is the dysregulation of Cl– transport 

associated with loss of activity of the K+-Cl– co-trans-

porter KCC2 in spinal dorsal horn neurons, causing in-

tracellular Cl– accumulation and an ensuing loss of hy-

perpolarizing inhibition [20,30,45,98].

Whether a similar switch from nociceptive-

specifi c to polymodal occurs in other spinal nociceptive 

output pathways had remained elusive until recently. 

Indeed, in the deep spinothalamic tract (STT), multi-

modal (wide-dynamic-range [WDR]) neurons, able to 

respond to both innocuous and noxious mechanical 

input, are prominent [16], leaving open the question 

of whether allodynia results from a change in response 

dynamics within a common relay pathway (e.g., WDR 

neurons) or a switch in modality specifi city within a 

normally dedicated nociceptive pathway (nociceptive-

specifi c neurons). A recent quantitative neurometric 

study in rats showed that within the STT pathway, only 

neurons that are nociceptive-specifi c under normal 

conditions exhibited altered response properties after 

nerve injury; WDR STT neurons exhibited no change 

in threshold or input-output function, ruling out the 

participation of the latter cells to tactile allodynia [51] 

(in contrast to local, non-projection neurons, which 

explains why previous studies most likely missed this 

dichotomy). Blocking inhibition replicated the specifi c 

change in input-output properties of nociceptive spe-

cifi c neurons (with no eff ect on WDR STT cells), in-

dicating that central disinhibition was suffi  cient to ex-

plain the change in threshold of the spinal neurons. In 

fact, combined blockade of GABA
A
 and glycine recep-

tors was necessary to fully replicate the eff ect of nerve 

injury. Consistent with the fact that both GABA
A
 and 

glycine receptors are Cl– channels, antagonizing KCC2 

replicated the eff ect of combined GABA
A
/glycine re-

ceptor blockade and of nerve injury, suggesting that dis-

inhibition from impaired Cl– transport underlies nerve-

injury-induced allodynia [51].

Restoring central inhibition by rescuing KCC2 

function [40] restored the modality specifi city of nor-

mally nociceptive-specifi c STT neurons [51]. Hence, 

disinhibition was not only suffi  cient but also neces-

sary to explain unmasking of low-threshold input to 

nociceptive-specifi c spinal output neurons. Crosstalk 

between low- and high-threshold pathways, which 

causes a switch in modality specifi city within normally 

nociceptive-specifi c spinal relays, thus appears to be a 

general rule for allodynia [51]. Furthermore, the same 

concept can be extended to supraspinal levels. While 

a functional switch in normally nociceptive-specifi c 

pathways can be explained by the establishment of 

crosstalk between parallel sensory lines at the spinal 

level, similar crosstalk can develop at supraspinal lev-

els (Fig. 1). Th is possibility could explain the good, al-

though short-term, effi  cacy of neurosurgical ablation 

of selected spinal ascending tracts in alleviating pain 

in patients [13,61].

A complex cascade of signaling events under-

lies Cl– dysregulation in spinal neurons. It appears to in-

volve upregulation and release of the chemokine mono-

cyte chemoattracting protein 1 (MCP-1) from damaged 

aff erents into the spinal cord to cause microglial activa-

tion and chemotaxis of circulating monocytes via acti-

vation of the CCR2 receptor [97]. Activated microglia 

proliferate and migrate to the site of projection of the 

damaged aff erents into the dorsal spinal cord [4]. Th ese 

microglia express de novo the P2X
4
 receptors, and 

when stimulated by endogenously released ATP, they 

cause the release of brain-derived neurotrophic factor 

Fig. 1. Crosstalk between nociceptive and non-nociceptive chan-
nels at any level in the ascending sensory pathways can explain 
tactile allodynia.
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(BDNF) [19,35]. In turn, BDNF acts on neuronal tyro-

sine kinase B (TrkB) receptors to downregulate KCC2 

in dorsal horn neurons [19,35]. Pain hypersensitivity 

after spinal cord injury, as well as paradoxical hyperal-

gesia following chronic opiate treatment, may follow a 

similar neuroinfl ammatory process as that seen with 

nerve injury [36,54]. However, in the case of peripheral 

infl ammation, BDNF appears to be released by primary 

aff erents [98]. In all cases, however, the fi nal common 

pathway appears to be disinhibition of spinal sensory 

circuits as a result of KCC2 hypofunction [30]. Impor-

tantly, the spinal neuroimmune interaction triggered by 

peripheral nerve injury is maintained throughout the 

period of pain hypersensitivity [97], indicating that on-

going signaling, possibly originating from aff erents, is 

necessary to maintain the pathology.

Th e identifi cation of the cascade of signaling 

events leading to this form of disinhibition opens po-

tential avenues for therapeutic interventions aimed 

at central sensitization. However, many of the culprits 

identifi ed are involved in several neural processes, both 

central and peripheral, making them diffi  cult targets for 

selective analgesia. Furthermore, the fi nding that disin-

hibition results from KCC2 hypofunction raises several 

constraints on therapeutic development. Indeed, it in-

dicates that enhancing GABA
A
-receptor function, albeit 

of some effi  cacy [48], is likely to have a limited thera-

peutic window because impaired Cl– export will cause a 

collapse of the effi  cacy of GABA
A
-mediated inhibition. 

Specifi cally, Cl– infl ux through GABA
A
 channels causes 

a collapse, and even a reversal, of the GABA
A
 reversal 

potential, eff ectively impairing inhibitory effi  cacy and 

possibly even eventually causing inversion of GABA
A
 

action [2,31]. Hence, restoring KCC2 activity appears to 

represent a preferred therapeutic strategy [40], in par-

ticular because it would not aff ect neuronal excitability 

directly, but rather modulate the effi  cacy of endogenous 

inhibition [23].

Translational Aspects                        
of Neuropathic Pain 
Pathophysiology

Considerable progress has been made toward bringing 

knowledge about the pathophysiology of pain, much 

of which is derived from animal models, closer to the 

clinic. Th is section will summarize recent advances in 

this fi eld.

Pathological Activity in Nociceptors     
Underlies Neuropathic Pain

Genetic Findings in Voltage-Gated            
Sodium Channels

Th e fi nding of a point mutation in the SCN9A gene as 

the cause of primary erythromelalgia in 2004 [95] led 

the way to the discovery of a number other mutations. 

More than a dozen diff erent mutations in SCN9A in 

patients with primary erythromelalgia have been de-

scribed, and studies have clearly shown that these mu-

tation lead to hyperexcitability of dorsal root ganglia 

neurons [22]. In 2006, a mutation in the SCN9A gene 

was detected in a family with paroxysmal extreme pain 

disorder, another rare hereditary pain disorder [37]. In 

the same year, a mutation was described, which leads to 

congenital analgesia, a rare disease in which the persons 

concerned are unable to perceive pain at all [21]. Also, 

an overlap syndrome with symptoms of both erythro-

melalgia and paroxysmal extreme pain disorder with 

underlying Na
V
1.7 mutation has been described [32]. 

While gain-of-function mutations of Na
V
1.7 ion chan-

nel underlie the symptoms in both erythromelalgia and 

paroxysmal extreme pain disorder and overlap syn-

dromes, congenital analgesia is based on a loss-of-func-

tion mutation. All of the above diseases are very rare. 

However, in 2012, Faber et al. reported that almost 30% 

of a cohort of patients with idiopathic small-fi ber neu-

ropathy had mutations in the SCN9A gene [34]. Shortly 

thereafter, a study by the same group showed that at 

least 3% of patients with idiopathic small-fi ber neuropa-

thy had mutations in the SCN10A gene, which encodes 

the Na
V
1.8 channel. Th us, the important role of voltage-

gated sodium channel activity in nociceptors for pain 

perception has been convincingly shown in humans. 

Furthermore, single-nucleotide polymorphisms 

may predispose to increased or decreased pain sensa-

tion. Estacion et al. and Reiman et al. were able to show 

a single-nucleotide polymorphism (rs6746030, amino 

acid substitution R1150W) in the SCN9A gene, which 

is associated with an increased perception of pain by an 

increased excitability of DRG neurons and is present in 

approximately 18% of Caucasians [33,69]. Further stud-

ies have demonstrated an association of this polymor-

phism with pain in Parkinson’s disease, with multiple 

regional pain syndromes, and with pain in interstitial 

cystitis. Another single-nucleotide polymorphism in 

SCN9A was found to be increased in patients with se-

vere fi bromyalgia syndrome [90]. 
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Microneurography Findings

Recording from single nociceptors is even more chal-

lenging in humans than in experimental animals. Af-

ter pioneering work from Eric Torebjork’s and José 

Ochoa’s groups [56,64], it took a while until research-

ers could reliably study patients using microneurog-

raphy as refi ned by the methods of Hugh Bostock’s 

laboratory [75]. Meanwhile, pathological activity in C 

fi bers has been shown in patients with diabetic and 

other neuropathies [47,65], in small-fi ber neuropathy 

[74], and in fi bromyalgia syndrome [76]. Th us, without 

doubt, spontaneous activity and sensitization of C-

fi ber nociceptors  underlie a large number of human 

neuropathic pain conditions. 

Molecular Mediators of Neuropathic              
Pain in Humans

Various examples of “missed translation” have shown 

us that not all mediators that convincingly modulate 

pain or hyperalgesia in animal models have an equally 

important role in humans. Causes for these failures 

are various, from potentially inadequate animal mod-

els to diff erences in pain circuits between species or 

simply because experimental results were misinter-

preted. For example, the neurokinin receptors seemed 

to be the perfect target for an analgesic according to 

animal data, but the concept did not translate to the 

clinic [42].

With increased standards in preclinical and 

clinical pain research, success stories have been pub-

lished. One recent example is the glycation end-prod-

uct methylglyoxal, which is increased in the plasma of 

patients with painful diabetic neuropathy, and which 

in preclinical studies depolarizes sensory neurons and 

induces post-translational modifi cations of the voltage-

gated sodium channel Na
V
1.8 [7]. Methylglyoxal had no 

eff ect in mice defi cient in Na
V
1.8, which supports this 

mechanism of action. Th erapeutic interventions for 

painful diabetic neuropathy are planned using antago-

nists to methylglyoxal.

Proinfl ammatory cytokines and chemokines 

have unequivocally been shown to excite and sensitize 

nociceptors, in particular damaged nociceptors, and 

thus to underlie neuropathic pain [83]. While treatment 

directed at individual cytokines or chemokines has 

been only partially successful in controlled trials, dis-

turbed cytokine profi les are prevalent in several chronic 

human pain diseases [89].

Among the neurotrophic factors, nerve growth 

factor (NGF) is known to play a key role in acute and 

chronic pain and hyperalgesia [58]. Human diseases il-

lustrating the importance of NGF in pain perception 

are caused by mutations in NGF or its tyrosine kinase 

receptor TrkA. Th ese rare autosomal recessive muta-

tions lead to congenital insensitivity to pain or at least 

to decreased pain perception. Th ese disorders have 

been named hereditary sensory and autonomic neu-

ropathy (HSAN) type IV and type V. HSAN-IV, which 

was also called congenital insensitivity to pain with 

anhidrosis (CIPA), is caused by mutations in the gene 

coding for TrkA. It is a severe congenital disease where 

children do not respond to painful stimuli, which leads 

to mutilations, Charcot arthropathy, osteomyelitis, and 

autoamputation. Patients have hypo- or anhidrosis, 

recurrent episodes of fever, and a variable degree of 

mental retardation. Th ey have a reduced life expectan-

cy. Nerve biopsy samples show a com plete absence of 

small-diameter nonmyelinated fi bers and loss of sweat 

gland innervation. HSAN-V is caused by mutations in 

the NGF gene. Th e phenotype is similar to HSAN-IV, 

with higher variability among families and heterozygous 

cases with milder symptoms [9]. Given these facts, it 

is not surprising that drugs blocking NGF have turned 

out to be powerful analgesics [73]. 

Th e Central Nervous System in Neuropathic 
Pain: Evidence from Human Studies

In this fi eld, translation lags far behind that of studies 

of the peripheral nerve and at the molecular level. First 

of all, CNS mechanisms in primary central neuropath-

ic pain need to be distinguished from CNS changes 

caused by disorders associated with peripheral neuro-

pathic pain. Furthermore, in contrast to fi ndings from 

animal experiments, data on CNS mechanisms of neu-

ropathic pain come from indirect measures. With the 

methods presently available, it is not possible to verify, 

for example, whether microglia play such an important 

role as might be assumed from animal experiments 

[35,88]. A trial with the microglia inhibitor minocy-

cline failed to show any diff erences in comparison to 

placebo treatment [57]. Magnetic resonance spectros-

copy may give some hints [14], but is not comparable 

with sophisticated morphological and functional stud-

ies in disease models. Optogenetics may be a tool of 

the future, if applications in humans are successful, but 

this possibility is far from reality [15]. Functional im-

aging methods such as functional magnetic resonance 
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tomography (fMRI) may tell us where things happen, 

but cannot give information about molecular changes 

[61]. Positron emission tomography (PET) has been 

used to show changes in opioid receptor availability in 

neuropathic pain, for example [29], which may diff er 

between peripheral and central neuropathic pain [55]. 

More traditional approaches to CNS function 

in neuropathic and other types of pain include neu-

rophysiological techniques and selective peripheral 

blockades [100]. Some information has also been gath-

ered from neurostimulatory methods such as repeti-

tive transcranial magnetic stimulation (rTMS), which 

can reverse abnormal cortical excitability in patients 

with poststroke pain [43]. Animal models have recent-

ly been used to understand the molecular mechanisms 

of this treatment [50], an example of reverse transla-

tion (see Table I).
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