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 Introduction

It was a distinct honor to present a lecture celebrating Ed Charlton, who died in 2010. Ed 

was a good friend and colleague, a wonderful story-teller and family man. Ed also made 

many significant contributions to the pain research and pain management community. Most 

notably, Ed edited the Third Edition of the IASP Core Curriculum for Professional 

Education in Pain and co-edited the Proceedings of the VIth World Congress on Pain. My 

relationship with Ed flourished when I invited him to take over as Section Editor for the 

Clinical Notes section of PAIN. This was a difficult position, as the requirements for 

publication were never clearly articulated. In his inimitable way, Ed articulated what he 

considered the requirements. In an Editorial he wrote with advice to prospective authors of 

contributions to Clinical Notes: “It may be easier to start by listing the sort of article that the 

Clinical Notes Section will NOT publish. These include papers about the anecdotal use of a 

drug on a handful of patients or even a single patient; or papers that include statements like 

“….further studies are indicated”; or “……controlled studies are proceeding”. Ed’s advice 

was simple: “Complete the studies before submitting them to PAIN!”. In other words, what 

PAIN is interested in were studies that readers can rely upon as they assess new approaches 

to understanding and treating difficult pain conditions. What a wonderful message to send to 

authors and to the readership of the journal.

There is certainly consensus that treating chronic pain conditions, notably neuropathic pain, 

is difficult. Although there are numerous pharmacological approaches to the management of 

neuropathic pain, the results are disappointing. The general consensus is that the best 

available therapies are effective in less than 50% of patients and in these patients there is less 

than 50% decrease in pain (18, 34, 36). The pain reduction is better than placebo, but clearly 

not sufficient. In this review, we will highlight a different perspective on the etiology of 

neuropathic pain, notably that produced by peripheral nerve damage, and offer a novel 

approach to management.

 The pathophysiology of neuropathic pain

Many years of preclinical study demonstrated that nerve injury provokes complex molecular 

and biochemical changes in primary afferents, dorsal horn circuits (neurons and notably 
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microglia) and also at higher levels of the neuraxis (3, 4, 29). Many of these biochemical 

consequences of injury are at the basis of the central sensitization process that underlies the 

mechanical allodynia and thermal hyperalgesia that are the hallmarks of the neuropathic 

pain phenotype (55). To what extent these changes also contribute to the ongoing, often 

burning pain that patients usually describe is not clear, as only recently have animal studies 

addressed the ongoing pain question (26).

Despite identification of a remarkably large number of molecules that contribute to 

peripheral and central sensitization (21), few if any new targets have translated into a clinical 

therapy. In fact, the great majority, if not all approaches to management are directed at the 

transmission of the pain message itself. A brief review highlights this point. For example, 

among the most significant findings in patients is that local anesthetic injection of the 

peripheral afferent (at or proximal to the injury site) often, if not always blocks the pain (for 

example, See (22). This is true in patients with complex regional pain syndrome or 

postherpetic neuralgia and even in those with phantom limb pain, using injections into the 

stump (52). Of course, the pain returns after the anesthetic wears off. It follows from these 

observations that activity of the injured afferents is a critical contributor to the neuropathic 

pain condition. But these inputs are now generated on an altered central nervous system, one 

that has undergone profound biochemical and molecular changes following the injury.

In our opinion the most critical contributor to these central changes are NMDA-mediated, 

and in many respects these changes are comparable to those that occur in an adaptive 

learning condition (as in the hippocampus). However, when pain persists, the learning is 

maladaptive and contributes to the persistence of the pain condition. Unfortunately, the 

adverse side effect profile of selective NMDA receptor antagonists is unacceptable. 

Ketamine, a relatively nonspecific NMDA receptor antagonist, has proven useful in some 

instances, but its adverse effects are definitely problematic (39).

The first-line therapy calls for tricyclic anti-depressants and gabapentinoids (17). The latter 

targets the alpha2delta subunit of Ca2+ channels, likely in primary afferents. As for the local 

anesthetics, gabapentinoids are an approach directed at reducing transmission of the “pain” 

message. To some extent the same is true for opioids (at least at the level of the primary 

afferent and spinal cord), although opioids are generally considered to have limited utility in 

neuropathic pain patients (17). A capsaicin injection that transiently ablates nociceptor 

terminals also exerts its effect by blocking transmission of the pain message (25). On the 

horizon are more selective blockers that target subtypes of voltage-gated sodium channels, 

notably the NaV1.7 subtype (15). Other approaches do not act directly on the afferent (e.g. 

serotonin-norepinephrine reuptake inhibitors), but their aim, in addition to targeting voltage-

gated Na channels, is to enhance controls, descending and otherwise, that reduce activity in 

the pain transmission pathway. The same is true for neuromodulation approaches, e.g. spinal 

cord stimulation and even transcranial magnetic stimulation.

 GABAergic dysfunction and neuropathic pain

In many respects the pathophysiology of neuropathic pain is comparable to that which 

occurs in patients with seizures., where this is loss of cortical GABAergic inhibitor controls. 
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Indeed the idea that neuropathic pain is an epileptic type condition in the spinal cord is not a 

new one (31). Not surprisingly, therefore, anticonvulsants are among the more effective 

pharmacotherapies. Indeed, when a new anticonvulsant is introduced, it is often tested for 

efficacy against neuropathic pain. There is certainly considerable consensus that peripheral 

nerve injury results in a significant reduction in GABAergic inhibitory controls at the level 

of the spinal cord dorsal horn, leading to central sensitization of pain transmission circuits 

and a resultant hypersensitivity and ongoing pain (27, 45, 57). Not only are the levels of the 

GABA synthesizing enzyme, glutamic acid decarboxylase, reduced (16), but release of 

GABA (30) and inhibitory postsynaptic currents in dorsal horn neurons are diminished after 

peripheral nerve injury (35). However, precisely what underlies these changes in GABAergic 

inhibitory tone is not clear. For example, some groups reported a frank loss of GABAergic 

interneurons (12, 35, 43, 48), but this finding has been questioned (40). On the other hand, 

there is good evidence for alterations in GABAergic receptors (20), which taken together 

with reduced spinal release of GABA (30) would lead to an overall loss of inhibitory control. 

Among the most provocative findings is that microglial activation results in a BDNF-

mediated shift in the chloride gradient in dorsal horn “pain” transmission neurons, resulting 

in loss of GABA-mediated inhibition (13). Of course, consistent with the hypothesis that 

loss of GABAergic inhibition is critical are studies reporting the normalization of pain 

thresholds by pharmacological restoration of GABAergic transmission (28, 37). Also of 

interest are approaches to long-term regulation using, for example, trigeminal injection of an 

adenoviral vector expressing GAD65 (54) or peripheral injection of an HSV vector 

expressing GAD67 (23).

 Treating the “disease” of neuropathic pain

In our opinion, an important alternative to interfering with transmission of the pain message, 

and until more effective management is achieved by rectifying the pathophysiological 

molecular and biochemical consequents of nerve damage, is to address the damaged nervous 

system itself. In this respect, the neuropathic pain condition constitutes a “disease” of the 

nervous system. The main, and in some conditions, only manifestation of the nerve damage, 

is chronic pain. If one could treat the “disease”, i.e. by repairing the damage, it may be 

possible to generate a more complete and prolonged reduction of the neuropathic pain that 

follows damage.

In several recent studies, we described a very different approach directed at overcoming the 

loss of GABAergic inhibition that occurs in the spinal cord (4). We first asked whether it is 

possible to transplant progenitors of GABAergic interneurons into the spinal cord, so as to 

restore the inhibitory control loss after nerve damage. Our studies followed upon previous 

reports that demonstrated that all GABergic interneurons of the cerebral cortex derive from 

the medial ganglionic eminence (MGE) of the forebrain (1, 56). Of particular relevance to 

our studies was a subsequent report demonstrating that transplanting embryonic MGE cells 

into the cortex of mice with a K+ channel mutation could reduce seizure incidence in these 

mice (2). Given the commonalities in the GABAergic contribution to seizures and to 

neuropathic pain noted above, we hypothesized that transplanting MGE cells into the spinal 

cord could ameliorate the mechanical hypersensitivity observed in a mouse model of 

neuropathic pain (7).
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There was no assurance that MGE cells would survive in the spinal cord, an environment 

foreign to their normal developmental location, or that surviving cells would remain and 

grow at the location of the injection. The latter was a significant concern given the inherent 

extensive migration ability that occurs after cortical injection. Figure 1a demonstrates that 

MGE transplants can indeed survive and grow in the adult spinal cord. The cells do migrate 

from the injection site, but remain within the segment of lumbar cord in which we made 

injections. What is striking is the incredible axonal and dendritic arborization of the 

transplanted cells (Figure 1b). Within two weeks of transplant, approximately 90% of the 

cells assume a neuronal phenotype (established by their immunostaining for NeuN). None of 

the transplanted cells were immunoreactive for microglial or astrocyte markers. The fact that 

the cells also immunostained positively for GABA suggests that they retain their cortical 

neurochemistry. In fact, the cells also co-stain for other markers characteristic of cortical 

GABAergic interneurons, including parvalbumin and somatostatin. The latter finding is of 

particular interest, as somatostatin is not found in spinal cord GABAergic interneurons, but 

rather in a population of superficial dorsal horn excitatory interneurons (41). Thus, despite 

the foreign environment, the transplanted cells appear to retain their cortical properties.

Perhaps the most important finding of our earlier studies is the extent to which the 

transplanted cells integrate into host circuitry. Our first demonstration of this property relied 

on our previous development of transgenic mice in which we can initiate Cre-dependent 

expression of a transneuronal tracer, wheat germ agglutinin (WGA), in host neurons (8, 9). 

Using these mice, we demonstrated transneuronal transfer of the WGA into transplanted 

MGE cells (10). In some of these studies we used a mouse line in which expression of the 

Cre-dependent WGA is induced only following nerve injury (6). Taking advantage of the 

fact that neuropeptide Y is only expressed in DRG neurons after peripheral nerve injury, 

predominantly in myelinated afferents (24, 53), we were able to direct expression of the 

WGA to myelinated afferent. In these mice, we found transfer of the tracer into dorsal horn 

MGE cells, demonstrating that the transplanted cells indeed integrate into host circuit, in this 

case, receiving a primary afferent input from, myelinated primary afferents. This connection 

is of particular interest as myelinated, cutaneous sensory neurons convey innocuous 

peripheral inputs that can drive a low threshold-mediated inhibitory control in the spinal 

cord, a major postulate of the Gate Control Theory (4, 32).

Using a different approach we next asked whether the transplants also establish connections 

with host spinal cord neurons. In these studies we took advantage of the retrograde 

transneuronal transport features of pseudorabies virus (14). We injected the virus into the 

parabrachial nucleus (PB) of the dorsolateral pons, a major target of dorsal horn projection 

neurons, including many in lamina I, and mapped the retrograde spread of the virus into the 

spinal cord. Our detection of MGE cells retrogradely infected by the virus established that 

some transplanted cells must be presynaptic to the PB-projecting spinal neurons. However, 

because the pseudorabies virus crosses multiple synapses, we could not conclude that there 

is a direct connection between transplanted cells and projection neurons, but this seems 

likely.

More recently, we sought a more direct demonstration that there are indeed synaptic 

connections between the transplanted neurons and the host. We initiated an extensive set of 
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ultrastructural studies that has already provided unequivocal evidence, not only that host 

neurons are presynaptic to transplanted cells, but also that MGE cells form synapses with 

host neurons. Of particular interest is our finding that transplanted neurons also interact with 

one another. Taken together, these observations establish that the transplanted neurons are 

profoundly integrated into the host circuitry. A key question, of course, is whether the 

neurons are recapitulating altered host circuits (whether anatomical or functionally altered), 

or whether the cells will form connections with any host element. It is our impression that 

the latter is the case, and as described below, we believe that this integration is both 

functional and serves to reestablish a level of inhibition that is “normal”. Finally, and most 

importantly, we demonstrated that the connections established by the transplants are 

functional. For example, peripheral injections of formalin, a noxious stimulus, can induce 

expression of Fos (i.e. activate) in transplanted MGE cells. In other words, the transplants 

survive, integrate and are functionally connected with dorsal horn circuits.

In the next series of studies we asked whether the transplants could mitigate the major 

behavioral features of different preclinical neuropathic pain models. In the first set of studies 

(10), we used the sciatic nerve injury model of neuropathic pain, in which two of the three 

branches of the sciatic nerve are transected, leaving the tibial nerve intact (44). In this 

model, mice develop a profound hypersensitivity (assayed using von Frey hairs), at one day 

after surgery. After manifesting hypersensitivity we made multiple rostrocaudally-spaced 

injections of MGE cells into the lumbar spinal cord, targeting the dorsal horn. Although we 

began with approximately 50,000 cells, we estimate that less than 10% survive. Whether 

some cells are lost in the injection protocol, or undergo an early apoptotic death is not 

known.

Animals were tested for mechanical responsiveness weekly by an investigator blind to 

whether the mice received MGE cells or medium. When the code was broken four weeks 

after the transplant, we found that mechanical thresholds in the MGE transplanted animals 

had gradually returned to baseline. In recent studies, we find that the cells survive and that 

the recovery persists for at least 6 months. Interestingly, we did not find that threshold 

recovery correlated with the number of surviving cells. Rather we assume that the recovery 

is more a function of the extensive axonal arbors that arise from the transplanted cells. In 

parallel studies, we assayed for levels of GAD, which as noted above, decrease significantly 

in the dorsal horn after peripheral nerve injury. We found that the transplant returned GAD 

levels to those of the contralateral, intact side of the cord. The fact that we did not detect 

levels above baseline provides further evidence that the transplants normalize biochemical 

and functional processes. This finding suggests that the transplanted neurons, through a 

process that is not at all clear, are sensitive to the magnitude of the GABAergic dysfunction 

and respond accordingly. In other words, there is a kind of GABAstat that establishes a 

target level of inhibition that the cells achieve. This observation differs greatly from the 

effects produced if one administers a GABA agonist at the level of the cord. Thus, 

intrathecal injection of baclofen or muscimol can increase thresholds well above baseline, 

i.e., an analgesic action is readily attained (51). Taken together these findings suggest that 

the transplants do not function as a sophisticated cellular GABAergic pump but rather 

modify the “disease” process, namely the nerve injury-induced loss of GABAergic 

inhibition.
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More recently, we asked whether the transplants can also overcome the hypersensitivity that 

occurs in a very different, chemotherapy-induced model of neuropathic pain. Paclitaxel 

produces a systemic, peripheral neuropathy manifest behaviorally as mechanical 

hypersensitivity (19) and in some instances thermal hyperalgesia (46). Although the 

behavioral readout in this model is comparable to that following traumatic peripheral nerve 

injury, its basis differs considerably, at least at the doses we used in our studies. First, in 

contrast to traumatic injury (5, 50), there is no induction of the transcription factor, ATF3, in 

affected sensory neurons of the dorsal root ganglion. Second, the dramatic dorsal horn 

microglial activation that is produced after peripheral nerve transection (33, 49) does not 

occur in the chemotherapy model. And finally, and of particular importance to our study, is 

that GAD levels are not decreased in this model. Whether the hypersensitivity reflects a 

different pathology in GABAergic circuits (e.g. alteration in receptor function) is not clear. 

Importantly, however, even though GAD levels are normal in the paclitaxel animals, we 

found that the transplants completely reversed the paclitaxel-induced mechanical 

hypersensitivity and heat hyperalgesia, in a topographic manner (11). Thus, transplants 

unilaterally injected into the lumbar enlargement normalized mechanical and heat threshold 

of the ipsilateral hindlimb, but there was no change in the contralateral hindpaw. 

Furthermore, GAD levels were not increased above normal in these animals, which is 

consistent with our contention that the transplants do not merely “add” GABA to the spinal 

cord, but rather, maintain levels at close to normal, regardless of the starting point.

Our paclitaxel studies also more directly addressed the particular contribution of GABA to 

the therapeutic effects of the MGE cell transplants. Thus, in a separate set of experiments we 

transplanted cells from mice that are deficient for the vesicular GABA transporter (VGAT; 

(11). These mice synthesize GABA, but cannot store and then release it because VGAT is 

required for transport of the GABA into synaptic vesicles. In these mice the transplants 

survived and integrated, however, we found no effect on paclitaxel-induced mechanical 

allodynia or thermal hyperalgesia. This finding clearly demonstrates that the effects of the 

transplants require a GABA contribution. Indeed our preliminary electrophysiological 

recordings from transplanted neurons, in a spinal cord slice preparation, established that the 

transplanted cells are functional and exhibit properties characteristic of GABAergic 

interneurons and that their inhibitory effects involve an action at the GABA-A receptor.

 Treating the “disease” of neuropathic itch

More recently, we asked whether the transplants could be beneficial in a very different 

condition that is triggered by GABAergic dysfunction. Ross and colleagues (42) reported 

that mice with a deletion of the gene that codes for the Bhlhb5 transcription factor develop a 

relentless syndrome of scratching, resulting in self-inflicted skin lesions. This neuropathic 

itch condition parallels the neuropathic pain that follows peripheral nerve damage. Bhlhb5 is 

required for the development and survival of a subpopulation of GABAergic interneurons in 

the dorsal horn of the lumbar spinal cord. We hypothesized, therefore, that replenishing the 

pool of inhibitory interneurons via intraspinal transplantation of MGE cells could restore 

some level of GABAergic function in the Bhlhb5 mice and thus reduce the neuropathic itch 

that these mice develop. In these studies, we performed the transplants in spinal cord 

segments corresponding to the dermatomes where the skin lesions manifest. We monitored 
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spontaneous scratching as well as severity of the lesions over time. Within 2 weeks of 

transplantation, we observed a remarkable reduction in the size and severity of the skin 

lesions, and this result correlated with a decrease in scratching (7). Interestingly, although 

the transplants did not normalize the very large decrease of GAD levels in the spinal cord of 

Bhlhb5 mice, they were nonetheless able to restore inhibitory controls, we presume as a 

result of the extensive axonal arborization of the transplanted neurons.

 Summary and future directions

Taken together, our transplantation studies demonstrate that an inhibitory, cell-based therapy 

is a powerful strategy for the management of neuropathic pain and itch. Even more 

significant perhaps is that the transplantation approach differs considerably from traditional 

pharmacological manipulations. In many respects, the ability to repair a nerve injury-

induced dysfunctional nervous system is disease-modifying. Furthermore, because the 

MGE-derived GABA release is restricted to the site of transplant, in a synaptic manner, 

many of the common side effects associated with systemic or intrathecal administration of 

GABAergic compounds can be avoided. If this therapy is to be adaptable to the management 

of neuropathic pain and itch in patients, the next step is to evaluate the utility of human cell 

transplantation. In this regard, recent studies have made considerable advances in generating 

pluripotent cells that exhibit properties similar to those of mouse MGE cells (38, 47), 

including robust synaptic integration into host circuitry and the development of a 

GABAergic phenotype. We have now initiated studies using human embryonic stem cells 

transplanted into immunocompromised mice and are very encouraged by the ability of these 

cells to integrate into the host spinal cord. Given the many neuropathic pain and itch 

conditions that remain intractable when managed with traditional therapies, the possibility of 

their management by a cell transplantation approach is exciting.
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Figure 1. 
A: Intraspinal transplantation of embryonic GABAergic progenitor cells derived from the 

medial ganglionic eminence of the mouse cortex. The cells were transplanted unilaterally in 

the lumbar enlargement and the mouse survived 4 weeks. The cells, which express GFP 

(green), are concentrated in the superficial dorsal horn and in the region of lamina V. Note 

that there is no spread of the cells to the contralateral side of the cord.

B: High magnification of a single GFP-expressing transplanted neuron illustrates its 

extensive arborization (axonal and dendritic), which is characteristic of cortical GABAergic 

inhibitory interneurons.
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