
PAIN REGULATION

miR-183 cluster scales mechanical
pain sensitivity by regulating basal
and neuropathic pain genes
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Nociception is protective and prevents tissue damage but can also facilitate chronic
pain. Whether a general principle governs these two types of pain is unknown. Here,
we show that both basal mechanical and neuropathic pain are controlled by the
microRNA-183 (miR-183) cluster in mice. This single cluster controls more than 80%
of neuropathic pain–regulated genes and scales basal mechanical sensitivity and
mechanical allodynia by regulating auxiliary voltage-gated calcium channel subunits
a2d-1 and a2d-2. Basal sensitivity is controlled in nociceptors, and allodynia involves
TrkB+ light-touch mechanoreceptors. These light-touch–sensitive neurons, which
normally do not elicit pain, produce pain during neuropathy that is reversed by
gabapentin. Thus, a single microRNA cluster continuously scales acute noxious
mechanical sensitivity in nociceptive neurons and suppresses neuropathic pain
transduction in a specific, light-touch–sensitive neuronal type recruited during
mechanical allodynia.

N
ociceptive (basal) pain serves as a protec-
tive mechanism to bring awareness of in-
jured tissue. Pain is relayed by nociceptors
in the dorsal root ganglia (DRGs) that link
skin or deep tissues to the spinal cord dor-

sal horn. Variation in an individual’s responses
to nociceptive pain (1) is partially explained by
genetic variation (2). Mechanical allodynia dur-
ing neuropathic pain—which involves hypersen-
sitivity of nociceptive neurons (3) and recruitment
of touch-activated low-threshold mechanorecep-
tive (LTMR)neurons into the nociceptive network
(4)—is governed by changes in gene expression (3)
susceptible to influence bymicroRNAs (miRNAs)
(5, 6). Down-regulation ofmicroRNA-183 (miR-183,
part ofmiR-183/96/182 or themiR-183 cluster) in
sensory neurons characterizes chronic pain (7, 8),
whereas overexpression attenuates some forms
of allodynia (8, 9). Here we ask how and inwhich
cell types the miR-183 cluster contributes to ba-
sal and neuropathic pain.
WeobservedmiR-183/96/182 expressed inmost

DRG neurons by embryonic day (E) 10.5 and also
in the adult, with miR-96 present at lower levels

(fig. S1, A to F). To determine the physiological
role of the miR-183 cluster for nociception, we
generated a conditional targeted allele in mice
(miRfl/flmice) (fig. S2, A andB) that, whenbred to
Wnt1-Cre strain (10) (Wnt1-Cre;miRfl/flmice), con-
firmed a complete elimination ofDRGexpression
by in situ hybridization (fig. S2C). To determine
its function in different types of sensory neu-
rons, miRfl/fl mice were crossed to Wnt1-Cre,
TH-Cre (11), and TrkBCreERT2/+ mice. We gener-
ated TrkBCreERT2/+ mice by inserting an IRES-
CreERT2 cassette into the 3′ untranslated region
of the gene (fig. S2, D to F). The TrkBhigh neurons
are lightlymyelinated LTMRs (12) of theNF1 type
of sensory neurons (13). To examine the efficacy
of cell type–specific recombination, thedriver strains
were first crossed onto a ROSA26Tomato reporter
strain.Wnt1-Cre recombined all neurons of the
DRG (fig. S3A), in TrkBCreERT2/+;ROSA26Tomato

mice 96.0 ± 1.9% of recombined neurons were
NECAB2+NF1 class,which isTrkBhigh (13) (fig. S3B).
In TH-Cre;ROSA26Tomatomice 98.0 ± 0.6% recom-
bined neurons belonged to the small size, mostly
unmyelinatednociceptive neurons, as determined
by costaining for TrkA, which is expressed inmost
or all of these neurons at birth (fig. S3C). Hence,
these results show that the three activator strains
can be used to address the role of themiR-183 clus-
ter in all sensory neurons (Wnt1-Cre;miRfl/fl), in the
TrkB+NF1 class of LTMRneurons (TrkBCreERT2/+;
miRfl/fl), and in nociceptors (TH-Cre;miRfl/fl).
Animals with conditional deletion of the miR-

183 cluster in all neurons or only in nociceptors
responded normally to light touch, cold, heat, or
pinprick but were hypersensitive to mechanical
stimuli (Fig. 1, A and C, and fig. S4, A and C).
TrkBCreErT2/+;miRfl/flmice were normal in all be-

havioral tests (Fig. 1B and fig. S4B). Thus, loss of
function of the miR-183 cluster results in me-
chanical hypersensitivity and further tests con-
firmed also nocifensive-like hyperalgesia (Fig. 1D).
Membrane properties were altered, with the ac-
tion potential (AP) threshold lowered from –10.7 ±
1.6 to –19.9 ± 6.7 mV in Wnt1-Cre;miRfl/fl sensory
neurons (Fig. 1E), without apparent difference in
cell body size or input resistance (fig. S4, D and
E). Quantifying the amount of Fos+ spinal cord
cells (14) following intense innocuousmechanical
stimuli (running 10 min, 30 rpm on a rotarod)
showed that themiR-183 cluster scales excitability
down, because miR-183–deficient mice showed
increased numbers in all superficial lamina of
the spinal cord (Fig. 1F and fig. S5). Thus, these
results show that the miR-183 cluster sets the
basal sensitivity to nocifensive mechanical stimu-
li in nociceptors.
To identify the targets for the miR-183 cluster

involved in preventing pain sensitization, we iso-
lated adult L4 to L6DRGs fromWnt1-Cre;miRfl/fl

mice and control Wnt1-Cre mice for RNA se-
quencing (table S1). Eighteen up-regulated genes
[11 of which were predicted as direct miR-183
cluster targets by TargetScan (15)] and 15 down-
regulated genes were identified (Fig. 2A; fig. S6,
A and B; and table S2). Of the up-regulated genes,
Cacna2d2 could affect pain sensitivity, asCacna2d
family members encode voltage-gated calcium
channel auxiliary subunits a2d, which affect noci-
ceptor excitability (16–18). mRNAs of Cacna2d1
and Cacna2d2 expressed in both nociceptors (94 ±
3.5% and 51 ± 8.8%, respectively) and TrkB+ neu-
rons (98 ± 6% and 98 ± 5%, respectively) (Fig. 2B
and fig. S6C) were both significantly increased in
Wnt1-Cre;miR fl/fl DRG (Fig. 2C). Consistently,
protein levels in both nociceptors and TrkB+ neu-
rons were elevated (Fig. 2D and fig. S6D). The
anticonvulsant gabapentin [1-(aminomethyl) cy-
clohexane acetic acid], which acts through inter-
acting with a2d subunits (19) and is widely used
to treat neuropathic pain (20), did not lead to
any behavioral changes between the genotypes
in cold, heat, or pinprick sensitivity but reversed
the mechanical hyperalgesia inWnt1-Cre;miRfl/fl

mice (Fig. 2E and fig. S6E).
To analyze whether the miR-183 cluster con-

tinuously determines basal sensitivity in the adult,
we generated Rosa26CreERT2/+;miRfl/fl mice and
induceddepletion of themiR-183 cluster acutely by
tamoxifen administration (100mg/kg).Mechanical
threshold measurements in the same animals
before and 6 days after tamoxifen administra-
tion revealed sensitization similar to that observed
inWnt1-Cre;miRfl/flmice (Fig. 2F). Tamoxifen ad-
ministration reduced expression of the miR-183
cluster by about half within 6 days and conse-
quently induced increased expression of Cacna2d1
and Cacna2d2 (Fig. 2, G and H). Thus, loss of
miR-183 expression in adult rapidly promotes ex-
cess Cacna2d1/2 expression through de-repression.
Combined, our results show that the miR-183
cluster continuously suppresses Cacna2d1/2 ex-
pression controlling basal mechanical sensitiv-
ity in nociceptors without apparent effects on
LTMRs.
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Fig. 1. Increased basal mechanical sensitivity
of nociceptors in miR-183–depleted sensory
neurons. (A) Deficiency of the miR-183 cluster
in Wnt1-Cre;miRfl/fl mice [miR conditional knock
out (CKO)] leads to increased acute nocifensive
response to mechanical, but not other, stimuli
(n = 8 per genotype; **P < 0.01, Mann-Whitney
test). (B) Deficiency of the miR-183 cluster in
TrkBCreERT2/+;miRfl/fl mice (miR CKO) leads to no
changes in acute pain sensitivity (n = 7 per
genotype). (C) Deficiency of the miR-183 cluster
in TH-Cre;miRfl/fl mice (miR CKO) leads to
increased acute nocifensive response to me-
chanical, but not other, stimuli (control, n = 8;
TH-Cre;miRfl/fl, n = 9; **P < 0.01, Mann-Whitney
test). (D) Increased nocifensive response of
Wnt1-Cre;miRfl/fl compared with Wnt1-Cre mice
in response to 1.4 g Von Frey stimuli (n = 7 or 6,
respectively, *P < 0.05, Mann-Whitney test). (E)
Action potential (AP) threshold reduction in the
absence of the miR-183 cluster. Current protocol
is to evoke the first AP in a representative
trace. Wnt1-Cre;miRfl/fl (n = 27) or WT control
(n = 13) DRG neurons; P = 0.0016, t test.
(F) Increases of Fos+ neurons (NeuN+) in the
spinal cords of miR-183 cluster–deficient mice
(80 min after 10 min of running on a rotarod). The
gamma isoform of protein kinase C (PKCg) indi-
cates lamina IIi. Hatched boxes outline the enlarged
images below (n = 4 per group; means ± SEM;
**P < 0.01, ***P < 0.001, t test; scale bar, 50 mM).

Fig. 2. Control of acute
nociceptive mechanical
sensitivity through a con-
tinuous miR-183-96-182–
dependent tuning of
auxiliary VGCC expression.
(A) MA plot of M (log ratio)
and A (mean average) scales
to show the log2-fold changes.
Red dots indicate genes up- or
down-regulated more than
1.8-fold (P < 0.01) in DRGs of
Wnt1-Cre;miRfl/fl mice (CKO
versus WT, n = 4 or 5, respec-
tively). (B) Cacna2d1 and
Cacna2d2 expression in both
nociceptors (Scn10a, arrow-
heads) and TrkB+ neurons
(arrows, triple in situ hybrid-
ization), 4′,6-diamidino-2-
phenylindole (DAPI)
counterstained. Scale bar,
50 mM. (C) Quantitative
polymerase chain reaction
(PCR) of Cacna2d1 and
Cacna2d2 expression
in DRGs of control and
Wnt1-Cre;miRfl/fl mice (n = 6 or 6; means ± SEM; **P < 0.01, t test).
(D) CACNA2D1 and CACNA2D2 immunofluorescence protein intensity levels
in nociceptive and TrkB+ neurons of control andWnt1-Cre;miRfl/flmice (n = 3 or 3;
means ± SEM; *P < 0.05; **P < 0.01, t test). (E) Relative toWnt1-Cremice,
gabapentin reverses mechanical hypersensitivity ofWnt1-Cre;miRfl/fl mice
(Wnt1-Cre/Wnt1-Cre;miRfl/fl, (n=6or 8, *P<0.05,Wilcoxon test; **P<0.01,Mann-
Whitney test). (F) Acute depletion of the miR-183 cluster induces mechanical

hypersensitivity. Before (BL) and 6 days after tamoxifen (Tam) (Rosa26CreER/+

littermate controls versus Rosa26CreER/+;miRfl/fl mice; n = 10 or 8; *P < 0.05,
Wilcoxon test; ***P<0.001,Mann-Whitney test). (G)miR-183/96/182 expression
in DRGs 6 days after tamoxifen administration. Quantitative PCR, control mice
set to 1 (n = 4 or 3;means ± SEM; *P <0.05, t test). (H)Cacna2d1 andCacna2d2
de-repression in DRG 6 days after tamoxifen administration. Quantitative PCR,
control mice set to 1 (n = 4 or 3; means ± SEM; **P < 0.01, t test).
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Human CACNA2D1 and CACNA2D2 genes are
predicted targets of the miR-183 cluster (fig. S7A).
Profiling DRG expression in a human cohort (n =
214) revealed a significant inverse correlation
between all three miRNAs and CACNA2D1 and
CACNA2D2 expression (fig. S7B). The negative
correlation for both CACNA2D1/2 by themiR-183
cluster in both mice and humans suggest a role
of themiR-183 cluster in painmechanisms across
mammalian species.
We asked whether the miR-183 cluster also af-

fects neuropathic pain through gene regulation.
Wild-type (WT) mice in the spared-nerve injury
(SNI) neuropathy model (21) at 14 days (table S1)
revealed 70 up-regulated and 2 down-regulated
genes comparedwith unlesioned controls (Fig. 3A
and table S2). InWnt1-Cre;miRfl/flmice,moregenes
showed changes in expression (189 up-regulated
and 35 down-regulated) (Fig. 3B and table S2).
We used the STRING database to analyze func-
tional protein association networks (22) (fig. S8,
A to F). Several pain-inducing andpain-preventing
genes [known from the Pain Gene Database (23)
and manual interrogation] showed regulatory
changes in both WT and Wnt1-Cre;miRfl/fl mice.
Various up-regulated geneswere candidate direct
targets of miR-183 cluster regulation (genes cir-
cled with a green ring in fig. S8, A to F).
Many of the regulated genes attributed to cell

signaling, cell adhesion, ubiquitination, neuro-
peptide modulation, and Ca2+ signaling were
centered around transcription factors Atf3 and
Jun in WT mice with neuropathy. InWnt1-Cre;
miRfl/flmice with neuropathy, a larger transcrip-
tional network—including Atf3, Jun, Csrnp1, Nfil3,
Ets2, Sox11, and Cited2—passed threshold criteria.
Indeed, expression of these transcription factors
was also increased forWTmicewith neuropathy.
Furthermore, Atf3, Csrnp1, Ets2, Sox11, and Cited2
are potential direct miR-183 cluster targets (Fig. 3,
C and D). Thus, in addition to directly targeting
genes, the miR-183 cluster may affect the global
neuropathic pain gene–regulatory network in-
directly through targeting coreneuropathy-induced
transcription factors.
More genes become up-regulated in miR-183

cluster–deficient mice with neuropathy than in
WTmicewithneuropathy (189 versus 70),whereas
only 18 up-regulated genes are controlled by the
miR-183 cluster in normal mice. These findings
suggest that neuropathy-induced genes in WT
mice might be further de-repressed inWnt1-Cre;
miRfl/flmice with neuropathy. If themiR-183 clus-
ter regulates genes that are unrelated to genes
increased during neuropathic pain inWTmice,
the proportion of shared genes between the two
genotypes should decrease with increasing relax-
ation of the fold-change criteria. Maintaining P <
0.01 but lowering fold-change criteria from2.0-fold
to 1.8-fold or 1.6-fold resulted in a disproportionate
increase of genes shared betweenWnt1-Cre;miRfl/fl

andWTmice with neuropathy and maintenance
of close to 80% shared genes regardless of fold-
change threshold (Fig. 3, E and F). Consistently,
we observed up-regulation of individual known
pain genes (fig. S8, G and H). Thus, the miR-183
cluster suppresses expression changes of the

neuropathy-regulated genes. Absent the miR183
cluster, gene expression induced during neu-
ropathy is further elevated.
With neuropathy, the miR-183/96/182 cluster

was rapidly down-regulated (fig. S9A), consistent
with pain gene overexpression. Mice with neu-
ropathy that were deficient in the miR-183 clus-
ter in all neurons or deficient only in TrkB+

neurons, but not in mice deficient in nocicep-
tors, showed enhanced mechanical sensitization
(Fig. 4, A to C, and fig. S9, B to D). Thus, this
enhancement of neuropathic pain was mediated
through loss of miR-183 activity in TrkB+ NF1
neurons. The NF1 class of TrkB+ neurons are Ad
LTMRs conveying touch sensation (12). We asked
if TrkB+ neurons can transduce pain. Optogene-
tic excitation of TrkB+ neurons in TrkBCreErT2/+;
ChR2+/−mice (fig. S9E) did not result in a nocifen-
sive response (Fig. 4D and fig. S10A). However,
light activation of TrkB+ neurons reducedmechan-
ical threshold (Fig. 4E and fig. S10B). In contrast
to naïve animals, light-activation of TrkB+ neu-
rons in animals with neuropathy produced a
nocifensive response (Fig. 4F). Cacna2d1 but not
Cacna2d2, increased in WT mice during neurop-
athy; however, the miR-183 cluster suppressed
both Cacna2d1 and Cacna2d2 expression (Fig.

4G and fig. S10C), and gabapentin completely
reversed nocifensive behavior in both neuro-
pathic WT andWnt1-Cre;miR fl/fl mice (Fig. 4H
and fig. S10, D and E). Painlike behavior initiated
by TrkB+ neurons during neuropathy requires
auxiliary ad2 subunits, because gabapentin com-
pletely prevented nocifensive responses of opto-
genetically excited TrkB+ neurons in mice with
neuropathy (Fig. 4I and fig. S10F). Thus, during
neuropathic pain, themiR-183 cluster targets the
majority of pain-regulated genes and attenuates
sensitization in the most sensitive hairy skin
mechanoreceptors, the TrkB+ neurons (12), which
contribute to mechanical allodynia during pain-
ful neuropathies. However, although Cacna2d1/2
de-repression is critical once TrkB+ neurons are
recruited into the nociceptive network in mice
with neuropathy, sensitization was not observed
after Cacna2d1/2 de-repression in TrkB+ neurons
of uninjured miR-183 cluster–deficient animals.
Cacna2d1/2 de-repression in these neurons is
therefore, by itself, insufficient to cause mech-
anical hypersensitivity.
Our results show that the miR-183 cluster

continuously prevents elevation of basal me-
chanical sensitivity in nociceptors and enhance-
ment of mechanical allodynia in TrkB+ LTMRs.
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Fig. 3. The global neuropathic pain gene–regulatory network is controlled by the miR-183
cluster. (A) MA plot of log2-fold changes in DRGs of neuropathic WTmice. Red dots indicate >2-fold
with P < 0.01. Neuropathic WT (WT SNI, n = 3) compared with unlesioned controls (WTCtl, n = 5).
(B) MA plot of log2-fold changes in DRGs of neuropathic miR-183 cluster–deficient mice. Red dots
indicate >2-fold with P < 0.01. Neuropathic Wnt1-Cre;miRfl/fl mice (CKO SNI, n = 3) compared with
WTcontrol mice (WT Ctl, n = 5). (C and D) Neuropathic pain core transcriptional network with STRING
associations and fold change (F). Neuropathic WTandWnt1-Cre;miRfl/fl mice compared with
unlesionedWTCtl (P<0.01).Green circlesmark genes predicted as direct targets of themiR-183 cluster.
(E) Shared regulated genes in DRGs increase between neuropathic WTandWnt1-Cre;miRfl/fl mice with
relaxed inclusion criterion. (F) Maintained percent of shared regulated genes between neuropathic
WTand Wnt1-Cre;miRfl/fl mice with relaxed inclusion criterion.
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Ongoing activity of TrkB+ neurons also poten-
tiates mechanical transduction from nociceptors
in normal mice. Nociceptors have been a focus
for development of analgesic drugs for painful
neuropathies,TrkB+neuronsmaybeequallyormore

important. We propose a unifying concept for
scalingmechanical sensitivity through expression
of the miR-183 cluster. Thus, somatic mechano-
sensitivity is a dynamic system able to respond
and adapt to various intensities of stimulation.
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Fig. 4. Pain signaling through TrkB+ LTMRs recruited by neuropathy is suppressed by the
miR-183 cluster. (A) Enhanced SNI-induced mechanical allodynia inWnt1-Cre;miRfl/fl (n = 8 or 8; BL,
base line; *P < 0.05, **P < 0.01, Mann-Whitney test). (B) Enhanced SNI-induced mechanical allodynia in
TrkBCreERT2/+;miRfl/fl mice (n = 7 or 7; *P < 0.05; **P < 0.01, Mann-Whitney test). (C) No effect on SNI-
induced mechanical allodynia in TH-Cre;miRfl/fl mice (n = 8 or 9; **P < 0.01, Mann-Whitney test). (D) No
response by optogenetic excitation of TrkB+ LTMRs (light only) (n = 6). (E) Optogenetic excitation of TrkB+

LTMRs increases sensitivity to mechanical stimuli (light + von Frey) (n = 6; one stimuli train; *P < 0.05,
Wilcoxon test). (F) Excitation of TrkB+ neurons produces pain after SNI. Optogenetic activation (58mW) of
TrkB+ LTMRs before (BL) and after SNI in littermate controls and TrkBCreERT2/+;ChR2+/− mice (n = 6 or 6).
(G) Quantitative PCR of Cacna2d1 and Cacna2d2 expression in wild-type andWnt1-Cre;miRfl/fl mice after
SNI (n = 3 or 3; means ± SEM; *P < 0.05; **P < 0.01, t test). (H) Reversal of neuropathic allodynia by
gabapentin in both Wnt1-Cre;miRfl/fl and Wnt1-Cre mice (n = 6 or 6, respectively, *P < 0.05 **P < 0.01,
Mann-Whitney test; #P < 0.05,Wilcoxon test). (I) Reversal by gabapentin of nocifensive pain-like behavior
through optogenetic excitation (58 mW) of TrkB+ neurons (TrkBCreERT2/+;ChR2+/− and littermate
controls, n = 6 or 6).
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light-touch mechanoreceptors found in hairy skin was critical to the generation of dysfunctional pain.
dysfunctional pain (see the Perspective by Cassels and Barde). The recruitment of genes that regulate a subset of the 

 found that a cluster of microRNAs regulates the gene networks behind both physiological andet al.responses. Peng 
Pain serves the useful purpose of alerting us to danger. Chronic pain, however, can arise from dysfunctional

MicroRNAs in functional and dysfunctional pain
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