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Introduction
Recent studies indicate that independent dorsal horn circuits 
transmit the pruritoceptive and nociceptive information that gen-
erates itch and pain (1–9). For example, although primary afferent 
nociceptors that express the capsaicin receptor TRPV1 convey both 
noxious and pruritic stimuli to the spinal cord dorsal horn, recent 
evidence indicates that different spinal circuits are engaged. In par-
ticular, itch occurs when a population of gastrin-releasing peptide 
receptor–expressing interneurons in the superficial dorsal horn 
are activated. Indeed, deletion of these interneurons eliminates 
scratching provoked by a variety of pruritogens, without altering 
behaviors provoked by painful stimuli. Not only do itch and pain 
appear to arise from activation of distinct afferent and spinal cord 
circuits, but they are also mutually interfering. Thus, painful stimu-
lation (e.g., scratching) reduces itch, and while morphine reduces 
pain, it can trigger itch (10). However, both pruritoceptive and noci-
ceptive circuits are regulated by GABAergic inhibitory interneurons 
in the dorsal horn, and loss of these controls contributes to chronic 
neuropathic itch and pain (11–15). Chronic itch is particularly no-
ticeable in mice with a deletion of the gene that encodes BHLHB5, 
an atonal-related transcription factor. In these mice, there is a dra-
matic loss of dorsal horn GABAergic interneurons, which underlies 
a neuropathic itch phenotype manifest as self-inflicted skin lesions 
that result from excessive licking and scratching (12).

Recently, we reported that transplants of GABAergic progeni-
tor cells derived from the embryonic medial ganglionic eminence 
(MGE) of the mouse cerebral cortex into the spinal cord of adult 

mice functionally integrate into host circuits and relieve the me-
chanical hypersensitivity produced in a neuropathic pain model 
(16). As loss of GABAergic interneurons contributes to the chronic 
itch that characterizes the Bhlhb5 mutant mice, here we assessed 
the utility of “replenishing” the pool of spinal cord inhibitory in-
terneurons to treat neuropathic itch.

Results and Discussion
Bhlhb5 mutant mice are in poor general health. They eat and 
drink less than their WT littermates, and most mice die before or 
are euthanized between 8 and 10 weeks of age. Skin lesions ap-
pear around 4 weeks, most commonly in the perineum, but also 
in the haunches and occasionally in orofacial regions. The skin 
lesions progressively worsen and never resolve spontaneously. 
Here, we attempted to ameliorate this chronic itch condition by 
restoring inhibitory control to the spinal segments that receive af-
ferent input from areas with skin lesions. To this end, in mice with 
lesions of the haunches, we transplanted MGE cells into lumbar 
and rostral sacral segments. In mice with neck or orofacial skin 
lesions, we transplanted cells into the upper cervical spinal cord 
and trigeminal nucleus caudalis, respectively. Most commonly, 
we transplanted MGE cells at around 5 to 6 weeks of age, at which 
point moderate to severe skin lesions were documented. Because 
most lesions are unilateral, MGE cells were transplanted in the 
dorsal horn ipsilateral to the lesions. We did not observe any ef-
fect on the contralateral side, which was devoid of lesions. The 
severity of the lesions was monitored over time. Control mice re-
ceived injections of medium, without cells.

Within 2 weeks of the transplant, we observed a significant 
reduction in the size and severity of the skin lesions in the hind 
limb (Figure 1, A–C) or neck (Figure 1, D–F), ipsilateral to the trans-
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a cotransmitter in cortical but not spinal cord 
GABA ergic neurons, revealed that some MGE 
cells also expressed SST, which suggests that the 
transplanted cells also retained their cortical phe-
notype even in the context of chronic itch.

To assess functional integration of the MGE 
transplants 3 weeks after transplantation, we in-
jected dilute formalin, a noxious chemical stimu-
lus, into the hind paw of the Bhlhb5 mutant mice. 
We used Fos expression as a general neuronal ac-
tivity marker. Figure 3, J–L, shows that formalin 
induced expression of Fos in both host and GFP+ 

transplanted MGE cells. This result indicates that the cells have 
integrated into the host circuitry and received primary afferent 
inputs. Finally, as our previous studies demonstrated that MGE 
transplants can normalize dorsal horn levels of the biosynthetic 
enzyme for GABA, namely glutamic acid decarboxylase (GAD65 
and GAD67), we also examined GAD levels before and after 
transplant in the Bhlhb5 mutant mice. Consistent with previous 
reports showing that a large number of inhibitory interneurons 
are lost in the spinal cord of the Bhlhb5 mutant mice (17), we re-
corded a dramatic reduction in GAD enzyme levels (GAD67-WT: 
0.36 ± 0.03 AU; GAD67-Bhlhb5: 0.16 ± 0.01 AU (–54%); GAD65-
WT: 0.18 ± 0.06 AU; GAD65-Bhlhb5: 0.06 ± 0.03 AU (–65%); WT: 
n = 3; Bhlhb5: n = 4). Surprisingly, these levels did not differ in 
MGE-transplanted Bhlhb5 mutant mice (GAD67: 0.15 ± 0.01 AU; 
GAD65: 0.07 ± 0.03 AU; n = 4). The failure of transplants to nor-
malize GAD levels in the Bhlhb5 mutant mice contrasts sharply  
with what we observed in transplanted mice that underwent 
nerve injury (16). An important difference in the 2 conditions is 
that the decrease of GAD levels following nerve injury was rather 
small (–10%). We presume that the number of transplanted MGE 
transplants was not sufficient to overcome the very large decrease 
in GAD levels in the Bhlhb5 mutant mice. The fact that only a 
small number of transplanted cells is sufficient to restore inhibi-
tory control is presumably related to the remarkable axonal arbo-
rization of the transplanted neurons (Figure 3, A and B).

Traditional approaches to treating chronic pruritus that tar-
get peripheral mediators are far from satisfactory. For this rea-
son, recent studies focused on identifying the central neural 
circuits through which itch is generated. For example, there is 
evidence that spinal cord disinhibition of itch signaling due to a 
loss of inhibitory interneurons (12) or decreased primary afferent 

planted spinal segment. The extent and severity of the lesions 
decreased over time, completely disappearing in some animals 
within 5 weeks (Figure 1, C and F). In some cases, we observed 
new hair growth in the previously denuded region (Figure 1C). In 
contrast, we never observed recovery in control mice (Figure 1, 
G–I). In fact, the progressive deterioration in control mice typi-
cally required their euthanization, often within 2 to 3 weeks of the 
medium transplant.

To determine whether MGE transplant–induced skin-lesion 
improvement correlated with reduced itch, in a separate group of 
mice, we monitored spontaneous scratching, licking, and biting. 
At 2 and 3 weeks after transplantation, we recorded the number 
of scratches over a 30-minute period. Figure 2 shows that MGE 
transplants significantly reduced these behaviors, by approxi-
mately 70% at 2 weeks after transplantation. In contrast, scratch-
ing, licking, and biting in control mice continued unabated. Three 
weeks after transplantation, these behaviors remained low in 
MGE-transplanted mice (data not shown), but unexpectedly, were 
also reduced in control animals. However, as control mice died or 
euthanization was mandated either before or soon after this time 
point, we believe that the reduced behaviors related to the poor 
health of the control mice.

Figure 3, A–C, illustrates that MGE cells thrived in the spinal 
cord of the Bhlhb5 mutant mice. We determined that approxi-
mately 5% (5.1% ± 3.1%; n = 5) of MGE cells survived 4 weeks 
after transplantation. NeuN double labeling confirmed that the 
majority (~80%) of transplanted cells differentiated into neu-
rons (Figure 3C) and expressed GABA (Figure 3, D–F). Some 
MGE cells expressed parvalbumin or neuropeptide Y, markers 
of subpopulations of inhibitory interneurons (data not shown). 
Double labeling for GFP and somatostatin (SST) (Figure 3, G–I), 

Figure 1. Intraspinal transplantation of GABAergic precur-
sor (MGE) cells resolves skin lesions in Bhlhb5 mutant 
mice. (A–F) Two representative examples of Bhlhb5 mu-
tant mice before (A and D), 2 weeks after (B and E), and 5 
weeks after (C and F) MGE transplantation into the lumbar 
(A–C) and cervical spinal cord (D–F). There is remarkable, 
progressive improvement of the affected region ipsilateral 
to the transplant. In some cases, we observed new hair 
growth in previously denuded regions (arrow in C). In con-
trast, skin lesions in animals that received only medium 
(G–I) progressively worsened. All mice were 5 to 6 weeks of 
age at the time of transplant. Because of the deterioration 
of control animals, euthanization was generally required 
by 7 to 8 weeks of age.
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in different models of chronic itch remains to be determined. But 
the fact that both GABA and glycine receptors antagonists block 
scratching-induced inhibition of spontaneous firing of dorsal 
horn neurons in a dry skin model of chronic itch (11) suggests that 
transplants may also be effective in chronic itch conditions that 
do not arise from nerve damage. Consistent with this possibility, 
withdrawal of intrathecal baclofen, a GABA-B agonist, provokes 
severe pruritus in patients (19), presumably because of an acute 
loss of inhibitory control.

However, as the present findings involve transplants of em-
bryonic cortical tissue, it is not clear that MGE transplants can be 
translated directly to the clinic. Transplants of human fetal MGE 
cells can be envisioned, but this approach unquestionably comes 
with considerable logistic and ethical limitations. Recent advanc-
es with embryonic or induced pluripotent stem cells that differen-
tiate into functional MGE-like GABAergic interneuron subtypes, 
however, provide a promising and powerful alternative approach 
(20, 21). Importantly, as we demonstrated for the MGE-derived 
GABAergic cells, there is robust synaptic integration of the human 
cells into host circuitry. Furthermore, we emphasize that trans-
plantation of GABAergic precursors is not equivalent and indeed 
is likely superior to spinally administered GABAergic pharmaco-
therapy. Transplanted cells are not equivalent to an intrathecal 
GABAergic pump, which nonspecifically blocks all spinal cord 
circuits. Rather, transplanted cells integrate into local circuits and 
thus serve to repair disrupted GABAergic circuits. For this reason, 
the transplant-mediated local delivery of inhibitory neurotrans-
mitters should also avoid many of the adverse side effects associ-
ated with current systemically administered pharmacotherapies 
for the treatment of chronic itch.

Methods
Animals and transplantation procedure. MGE cells were transplanted 
into Bhlhb5 mutant male mice (5 to 6 weeks old), as previously described 
(16). One group received MGE cells; the control group received medi-

drive (18) can enhance spontaneous itch. Given that the Bhlhb5 
mutant mice develop a chronic scratching condition in associa-
tion with a loss of a large population of GABAergic inhibitory in-
terneurons, it is likely that their condition models neuropathic 
itch, namely itch associated with direct damage to the central 
nervous system. In this respect, the itch is comparable to the 
neuropathic pain that can be triggered by dysfunctional dorsal 
horn GABAergic circuits. By replenishing a pool of inhibitory 
interneurons, MGE transplantation can overcome the loss of 
inhibition, thus mitigating the presumptive underlying etiol-
ogy of the neuropathic itch condition. Not only did we demon-
strate that there was significantly reduced scratching in MGE 
cell–transplanted mice, but we also observed remarkable heal-
ing of the previously affected region. Importantly, the area of 
skin that recovered corresponded to the spinal cord target of the 
transplant. In other words, the treatment does not result from 
a systemic response to mediators released from the transplant, 
but likely reflects local neuronal circuit reorganization. Indeed, 
when excessive scratching and lesions were present over mul-
tiple body regions, only the region that corresponded to the 
transplant was influenced. Interestingly, even though the loss of 
GABAergic neurons in the Bhlhb5 mutant mice occurs through-
out the spinal cord, bilaterally, most lesions only develop on one 
side of the body, indicating that loss of inhibition is not sufficient 
to trigger exacerbated scratching.

Taken together with our previous results demonstrating util-
ity of the transplants in a model of neuropathic pain, our present 
findings illustrate that there are commonalities in the pathophysi-
ology of neuropathic itch and pain and in the approaches that can 
be taken in their management. Specifically, our results reinforce 
the idea that transplantation of GABAergic precursors has the es-
sential properties for a cell-based therapy for nerve damage–asso-
ciated chronic itch and pain, particularly when loss of inhibitory 
control is a major contributor to the condition. Whether this loss 
of inhibitory controls is a common pathophysiological mechanism 

Figure 2. Intraspinal transplantation of GABAergic precursor (MGE) cells reduces excessive scratching, biting, and licking in Bhlhb5 mutant mice. Bhlhb5 
mutant mice exhibit excessive licking, biting, and scratching (baseline). This spontaneous behavior usually developed around 4 weeks of age. Two weeks 
after transplantation, these behaviors were significantly reduced in mice that received MGE cells (red, n = 6; –70%, *P < 0.05). In contrast, these behaviors 
persisted in control animals (black, n = 7; –12% NS). Scratching behavior was measured in minutes over a 30-minute period of observation. The illustration 
to the right displays the individual data points.
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Behavioral analysis. Animals were placed individually in 
Plexiglass cylinders, and spontaneous scratching, licking, and 
biting were monitored by video recording over 30 minutes, once 
before and once a week after transplantation, for up to 3 weeks. 
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ber of mice. Raw data were analyzed by Student’s t test (1-tailed).
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um. Cells (approximately 50,000) were transplanted over 2 spinal cord 
segments, depending on the skin-lesion location. To “treat” lesions of 
the hind limbs, we transplanted MGE cells into ipsilateral lumbar and 
rostral sacral spinal cord. For neck lesions, cells were injected into cer-
vical spinal cord (between C4 and C8). For orofacial lesions, cells were 
transplanted in trigeminal nucleus caudalis. In animals with bilateral 
lesions of the thorax, we injected cells on both sides of the cord. Surviv-
al rates were similar for all injection sites. Sixty-five percent of animals 
did not survive the first week after surgery, regardless of treatment, 
presumably because of the poor health of the mice. Importantly, in all 
MGE-transplanted mice that survived the first week (n = 13), we were 
able to document progressive improvement of the itch phenotype. In 
contrast, none of the surviving control mice (n = 7) showed skin-lesion 
improvement. In a subgroup of these animals, we documented sponta-
neous scratching before and once a week after transplantation.

Antibodies and immunohistochemistry. Antibodies were as follows: 
rabbit anti-GFP (1:2000; Molecular Probe), mouse anti-NeuN (1:2000; 
Chemicon), chicken anti-GFP (1:2000; Abcam), rabbit anti-GABA 

Figure 3. Transplanted MGE progenitor cells differentiate into 
GABAergic interneurons and integrate into host circuitry of the 
Bhlhb5 mutant mice. (A–C) GFP-expressing (green) MGE cells in 
the spinal cord dorsal horn of Bhlhb5 mutant mice. Cells dispersed 
throughout the dorsal horn (A), extended long processes (B), and 
the great majority expressed the neuronal marker NeuN (C). DC, 
dorsal column. (D–F) Most of the GFP+ cells also express GABA. 
(G–I) Some GFP+ cells coexpress SST, indicating that the MGE trans-
plants retain characteristics of cortical GABAergic interneurons. 
(J–L) A peripheral noxious stimulus (hind paw injection of dilute 
formalin) induces expression of Fos, a marker of neuronal activity, 
in GFP+ (i.e., transplanted) cells. Arrows point to double-labeled 
cells. Inset in L illustrates 2 GFP+Fos+ double-labeled cells.  
Scale bar: 150 μm (A); 50 μm (B–L); 25 μm (inset).

Downloaded September  2, 2014 from The Journal of Clinical Investigation. doi:10.1172/JCI75214.

http://www.jci.org
http://dx.doi.org/10.1172/JCI75214


The Journal of Clinical Investigation   B r i e f  r e p o r t

3 6 1 6 jci.org   Volume 124   Number 8   August 2014

togens via multiple mechanisms. Proc Natl Acad 
Sci U S A. 2009;106(27):11330–11335.

 8. Wang X, et al. Excitatory superficial dorsal horn 
interneurons are functionally heterogeneous and 
required for the full behavioral expression of pain 
and itch. Neuron. 2013;78(2):312–324.

 9. Braz JM, Solorzano C, Wang X, Basbaum AI. 
Transmitting pain and itch message: a contem-
porary of the spinal cord circuits that generate 
Gate Control. Neuron. 2014;82(3):522–536.

 10. Liu XY, et al. Unidirectional cross-activation of 
GRPR by MOR1D uncouples itch and analgesia 
induced by opioids. Cell. 2011;147(2):447–458.

 11. Akiyama T, Iodi Carstens M, Carstens E. Trans-
mitters and pathways mediating inhibition of spi-
nal itch-signaling neurons by scratching and other 
counterstimuli. PLoS One. 2011;6(7):e22665.

 12. Ross SE, et al. Loss of inhibitory interneurons in 
the dorsal spinal cord and elevated itch in Bhlhb5 

mutant mice. Neuron. 2010;65(6):886–898.
 13. Moore KA, Kohno T, Karchewski LA, Scholz J, 

Baba H, Woolf CJ. Partial peripheral nerve injury 
promotes a selective loss of GABAergic inhibition 
in the superficial dorsal horn of the spinal cord.  
J Neurosci. 2002;22(15):6724–6731.

 14. Lever I, Cunningham J, Grist J, Yip PK, Mal-
cangio M. Release of BDNF and GABA in the 
dorsal horn of neuropathic rats. Eur J Neurosci. 
2003;18(5):1169–1174.

 15. Ibuki T, Hama AT, Wang XT, Pappas GD, Sagen 
J. Loss of GABA-immunoreactivity in the spinal 
dorsal horn of rats with peripheral nerve injury 
and promotion of recovery by adrenal medullary 
grafts. Neuroscience. 1997;76(3):845–858.

 16. Braz JM, et al. Forebrain GABAergic neuron 
precursors integrate into adult spinal cord and 
reduce injury-induced neuropathic pain. Neuron. 
2012;74(4):663–675.

 17. Kardon AP, et al. Dynorphin acts as a neuro-
modulator to inhibit itch in the dorsal horn of the 
spinal cord. Neuron. 2014;82(3):573–586.

 18. Liu Y, et al. VGLUT2-dependent glutamate 
release from nociceptors is required to sense pain 
and suppress itch. Neuron. 2010;68(3):543–556.

 19. Ben Smail D, Hugeron C, Denys P, Bussel B. 
Pruritus after intrathecal baclofen withdrawal: 
a retrospective study. Arch Phys Med Rehab. 
2005;86(3):494–497.

 20. Nicholas CR, et al. Functional maturation of 
hPSC-derived forebrain interneurons requires 
an extended timeline and mimics human neural 
development. Cell Stem Cell. 2013;12(5):573–586.

 21. Chambers SM, Fasano CA, Papapetrou EP, Tom-
ishima M, Sadelain M, Studer L. Highly efficient 
neural conversion of human ES and iPS cells by 
dual inhibition of SMAD signaling. Nat Biotech-
nol. 2009;27(3):275–280.

Downloaded September  2, 2014 from The Journal of Clinical Investigation. doi:10.1172/JCI75214.

http://www.jci.org
http://dx.doi.org/10.1172/JCI75214

