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Loss of NR1 Subunit of NMDARs in Primary Sensory
Neurons Leads to Hyperexcitability and Pain
Hypersensitivity: Involvement of Ca2�-Activated Small
Conductance Potassium Channels
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It is well established that activation of NMDARs plays an essential role in spinal cord synaptic plasticity (i.e., central sensitization) and
pain hypersensitivity after tissue injury. Despite prominent expression of NMDARs in DRG primary sensory neurons, the unique role of
peripheral NMDARs in regulating intrinsic neuronal excitability and pain sensitivity is not well understood, in part due to the lack of
selective molecular tools. To address this problem, we used Advillin-Cre driver to delete the NR1 subunit of NMDARs selectively in DRG
neurons. In NR1 conditional knock-out (NR1-cKO) mice, NR1 expression is absent in DRG neurons but remains normal in spinal cord
neurons; NMDA-induced currents are also eliminated in DRG neurons of these mice. Surprisingly, NR1-cKO mice displayed mechanical
and thermal hypersensitivity compared with wild-type littermates. NR1-deficient DRG neurons show increased excitability, as indicated
by increased frequency of action potentials, and enhanced excitatory synaptic transmission in spinal cord slices, as indicated by increased
frequency of miniature EPSCs. This hyperexcitability can be reproduced by the NMDAR antagonist APV and by Ca 2�-activated slow
conductance K � (SK) channel blocker apamin. Furthermore, NR1-positive DRG neurons coexpress SK1/SK2 and apamin-sensitive
afterhyperpolarization currents are elevated by NMDA and suppressed by APV in these neurons. Our findings reveal the hitherto
unsuspected role of NMDARs in controlling the intrinsic excitability of primary sensory neurons possibly via Ca 2�-activated SK chan-
nels. Our results also call attention to potential opposing effects of NMDAR antagonists as a treatment for pain and other neurological
disorders.

Introduction
It is well established that NMDARs expressed centrally in second-
order nociceptive neurons in the spinal cord and medullary dor-
sal horn play an essential roles in the generation of central
sensitization and pain hypersensitivity after tissue injury (Ji et al.,
2003). However, their role in primary sensory neurons remains
unclear. NMDARs, including NR1 and NR2 subunits, are ex-
pressed in DRG neurons (Sato et al., 1993). NMDARs synthe-

sized in DRG neuronal somata can be transported to peripheral
terminals in skin and muscle and central terminals in the spinal
cord and brainstem trigeminal nucleus (Liu et al., 1997; Cogge-
shall and Carlton, 1998). Both NMDARs in peripheral and cen-
tral terminals of primary afferent neurons have been implicated
in nociception, but the reports were contradictory (Liu et al.,
1997; Bardoni et al., 2004). Peripheral glutamate release and ac-
tivation of NMDARs caused pain hypersensitivity after inflam-
mation (deGroot et al., 2000; Du et al., 2003). Several studies
further demonstrated that peripheral administration of NMDAR
antagonists or genetic deletion of NR1 subunit in subset of pri-
mary sensory neurons inhibited pain in rodents (Du et al., 2003;
McRoberts et al., 2011). Topical injection of the NMDAR antag-
onist ketamine also reduced allodynia in patients with complex
regional pain syndrome (Finch et al., 2009). In spinal cord central
afferents, activation of NMDARs by NMDA application released
the neuropeptide substance P to elicit pain (Liu et al., 1997).
Conversely, studies also showed that peripheral application of the
NMDAR antagonist MK-801 or ketamine had essentially no ef-
fects in reducing inflammatory and neuropathic pain (Aley and
Levine, 2002; Sawynok and Reid, 2002). Furthermore, activation
of spinal cord presynaptic NMDARs by exogenous glutamate
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inhibited glutamate release from the sensory terminals (Bardoni
et al., 2004), suggesting an antinociceptive role of presynaptic
NMDARs. Therefore, whether the role of NMDARs in primary
sensory neurons is pronociceptive or antinociceptive remains an
unresolved issue.

To determine the physiological role of peripheral NMDARs,
we specifically deleted NR1, the essential subunit of NMDARs, in
DRG sensory neurons by crossing NR1 flox/flox mice with the
sensory-specific Cre line Advillin Cre/� (Zhou et al., 2010; da Silva
et al., 2011), hereafter referred to as NR1-cKO mice. Unexpect-
edly, we found hyperexcitability in DRG neurons of these NR1-
cKO mice due to possible suppression of Ca 2�-activated small
conductance K� (SK) channels.

Materials and Methods
Mice. NR1 flox/flox mice were from The Jackson Laboratory (JAX stock
#005246) and genotyping was performed as described previously
(McHugh et al., 2007). Advillin Cre/� mice were described previously
(Zhou et al., 2010; da Silva et al., 2011). Male Advillin Cre/� mice were
used to cross to female NR1 flox/flox mice first to obtain male Advil-
lin Cre/�; NR1 flox/� mice, which were crossed again to female NR1 flox/flox

mice to generate Advillin Cre/�; NR1 flox/flox (NR1-cKO) mice. Adult mice
(8 –12 weeks of age, both males and females, with sex and age matched)
were used for behavioral studies. Acute inflammatory pain was induced
by injection of formalin (5%, 20 �l, Sigma) into a hindpaw. Young mice
(4 – 6 weeks old) were used for electrophysiological studies. All animal
procedures were approved by the animal care committee of Duke
University.

Histology. The cDNA fragment of NR (McHugh et al., 2007) was am-
plified by PCR and used as template for synthesizing antisense probe. In
situ hybridization was performed according to standard procedures
(Hasegawa et al., 2007). For immunofluorescence, anti-CGRP and
anti-vGlut1 (1:1000; Millipore) primary antibodies and Alexa Fluor
488- or Alexa Fluor 568-conjugated secondary antibodies (1:5000;
Invitrogen) were used. IB4 staining was performed with FITC-IB4
(1:2000; Invitrogen).

Whole-cell patch-clamp recordings in dissociated DRG neurons. As de-
scribed previously (Park et al., 2011), DRGs were digested with collage-
nase/dispase II, followed by trypsin, and mechanically dissociated. DRG
cells were grown in a neurobasal defined medium for 24 h before use.
Whole-cell voltage-clamp and current-clamp recordings were per-
formed at room temperature to measure currents and action potentials,
respectively (Liu et al., 2012) using an Axopatch-200B amplifier (Molec-
ular Devices). The resistance of the pipettes was 4 –5 M�. NMDA-
induced currents were recorded under voltage clamp (Vm � �60 mV).
Action potentials were recorded under current clamp with 1 s depolariz-
ing current pulses of 100 pA amplitude.

Apamin-sensitive outward tail currents (afterhyperpolarization
[AHP] currents) were recorded as described previously with some mod-
ifications (Gold et al., 1996) and validated by the selective SK channel
blocker apamin (100 nM; Sigma). Briefly, SK currents were isolated under
voltage clamp with a 400 ms depolarizing pulse (from �60 to 0 mV,
holding at �60 mV). To define NMDA-dependent SK currents, a second
pulse was given (from �80 to 0 mV, holding at �60 mV). The duration
between the two pulses was 900 ms. The pipette solution for recording
action potentials and SK currents contains contained the following (in
mM): 126 K-gluconate, 10 NaCl, 1 MgCl2, 10 EGTA, 2 NaATP, and 0.1
MgGTP, adjusted to pH 7.4 with KOH and osmolarity 295–300
mOsm. Some DRG neurons were also pretreated with APV (50 �M;
Sigma) for 10 min.

Spinal cord slice preparation and patch-clamp recordings. The L4 –L5
lumbar spinal cord segment was removed and transverse slices (400 �m)
were prepared and perfused with Kreb’s solution at 36 � 1°C. The whole-
cell recordings were made from lamina IIo neurons in voltage-clamp
mode (Park et al., 2011). Neurons were held at the potential of �70 mV
to record miniature EPSCs in the presence of 1 �M TTX. The resistance of
a typical patch pipette was 5–10 M�. Data were analyzed with Mini
Analysis software (Synaptosoft).

Whole-cell patch-clamp recordings in whole-mount DRG. The L4 –L5
DRGs were removed and placed in cold oxygenated ACSF. DRGs were
digested with a mixture of 1.0 mg/ml protease and 1.6 mg/ml collagenase
(Sigma) for 30 min at 37°C and transferred into a holding chamber
containing normal Mg 2�-free ACSF with CNQX (2 �M) at 26°C. Neu-
rons were hold at �60 mV for voltage-clamp recordings. Inward current
was inducted after continuous current injection (20 –30 times) to induce
artificial action potentials.

Single-cell RT-PCR. A single neuron was aspirated into a patch pipette,
kept in a reaction tube containing reverse transcription reagents, and
incubated for 1 h at 50°C. The cDNA product was then used in separate
PCR. The first and second round PCR was performed using “outer” and
“inner” primers, respectively. A negative control was obtained from pi-
pettes that did not harvest any cell contents (Liu et al., 2012). The se-
quences of all primers were as follows: SK1 (outer): 5�-AAGACGCTCA
TGACCATCTGC-3�, 5�-GTGTCCATCATGAAGTTGTGCA-3�; SK1
(inner): 5�-CTGTGTTGTTGGTCTTCAGCGT-3�, 5�-CAGTGAGCAGA

Figure 1. NR1 subunit is specifically deleted in the DRG sensory neurons of the NR1-cKO
mice. A, Representative images of NR1 in situ hybridization results on DRG and spinal cord
sections from either Advillin-Cre; NR1-wild-type mice (left) or Advillin-Cre; NR1 flox/flox (NR1-
cKO) mice (right). NR1 mRNA is selectively deleted in DRG neurons in NR1-cKO mice. B, Repre-
sentative images of anti-CGRP/IB4 double staining or IB4 staining alone on spinal cord sections
from NR1-wild-type (left) or NR1-cKO (right) mice. C, Representative images of anti-vGluT1
staining on spinal cord sections from NR1-wild-type (left) or NR1-cKO (right) mice. The IB4
nonspecific staining in deep layers stains blood vessels. Scale bars, 100 �m.
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CACACACCCTT-3�; SK2 (outer): 5�-ATGGATAATTGCCGCATGGA-
3�, 5�-TTCTTGCCACTACGGCTACCAC-3�; SK2 (inner): 5�-TCCGAG
CTTGTGAAAGGTACCA-3�, 5�-TGCAACCTGCACCCATGATT-3�;
SK3 (outer): 5�-TGTCAGGCTGCGTGAATAGTAA-3�, 5�-TTTGTGCT
TTTCCTCCACCAG-3�;SK3(inner):5�-CCTGCCGGACAAGGAATATG
T-3�, TGCTCGCAGCTTCCAGAATA-3�; NR1 (outer): 5�-GCTTCATG
GAAGACCTGGATAA-3�, 5�-GTGGAGGTGATAGCCCTAAATG-3�;
NR1(inner):5�-TGACTCCCGCAGCAATG-3�,5�-TTTCTATCCTGCAG
GTTCTTCC-3�; GAPDH (outer): 5�-AGCCTCGTCCCGTAGACAAAA-
3�, 5�-TTTTGGCTCCACCCCTTCA-3�; GAPDH (inner): 5�-TGAAGG
TCGGTGTGAACGAATT-3�, 5�-GCTTTCTCCATGGTGGTGAAGA-3�.

Behavioral analysis. Thermal sensitivity was tested using Hargreaves
(radiant heat), hot plate (48°C), and tail immersion in hot water (48, 50
and 52°C), and are expressed as paw-withdrawal latency and tail-flick
latency

.
The cutoff latency was set to prevent tissue damage (Liu et al.,

2012). For testing mechanical sensitivity, the plantar surface of hindpaw
was stimulated with a series of von Frey hairs (0.02–2.56 g; Stoelting) and
the 50% paw withdrawal threshold was determined using Dixon’s up-
down method. For assessing formalin-induced acute inflammatory pain,
the time (in seconds) that a mouse spent in licking and lifting the affected
paw was recorded every 5 min for 45 min. The experimenters were
blinded to the genotypes in all behavioral tests.

Statistical analysis. All data are expressed as mean � SEM. Differences
between groups were compared using unpaired or paired Student’s t test

(two groups) or one-way ANOVA (multiple
groups) followed by post hoc Bonferroni test.
The criterion for statistical significance was
p � 0.05.

Results
Sensory-neuron-specific deletion of
NR1 subunit
We first examined NR1 expression in the
DRG and spinal cord of NR1-cKO and
wild-type littermate control mice carrying
only the Advillin Cre/� allele. In situ hy-
bridization revealed that NR1 mRNA is
expressed in most DRG neurons of both
small and large sizes of control mice but is
absent in almost all DRG neurons of NR1-
cKO mice (Fig. 1A). NR1 mRNA is also
expressed in a large number of neurons in
spinal cord in both control and cKO mice
and no difference was noticed between the
genotypes (Fig. 1A). These data con-
firmed a selective deletion of NR1 mRNA
in DRG neurons.

Next, we examined the axonal projec-
tions of distinct groups of sensory neu-
rons to the spinal cord using anti-CGRP
(marker for peptidergic nociceptive
neurons), FITC-IB4 (a marker for non-
peptidergic nociceptive neurons), and
anti-vGluT1 (a marker for A-fiber touch
and proprioceptive neurons). NMDAR-
deficient DRG sensory neurons showed
grossly normal layered patterns of pro-
jections into the spinal cord: CGRP/IB4
projections in the superficial dorsal
horn (laminae I–II) and vGluT1 projec-
tions in the deep dorsal horn (laminae
III–IV) (Figs. 1 B, C). Our data suggest
that NR1-cKO mice do not have notice-
able developmental defects in DRG and
spinal cord.

Increased excitability in DRG neurons of NR1-cKO mice
Because NR1 is the essential subunit of NMDARs, deletion of
NR1 in DRG sensory neurons should render them without func-
tional NMDARs. To test this, we recorded from small-sized sen-
sory neurons using whole-cell voltage-clamp electrophysiology.
Bath application of NMDA (500 �M) elicited robust inward cur-
rents in wild-type but not in NR1-deficient DRG neurons (0/25;
Fig. 2A), confirming the absence of functional NMDARs.
Seventy-one percent of wild-type neurons (21/28) expressed
functional NMDARs (Fig. 2B).

We next investigated whether deleting NR1 would alter the
intrinsic firing properties of DRG neurons under current clamp.
NR1-deficient neurons fired more repetitive action potentials af-
ter current injection (100 and 250 pA; Fig. 2C,D). However, the
resting membrane potential was not altered (�59.8 � 2.4 vs
�59.6 � 2.7 mV for control and NR1-deificient neurons, respec-
tively, n � 9 neurons/group). The amplitude of action potentials
was also not altered (62.0 � 2.3 vs 59.0 � 2.5 mV for control and
NR1-deificient neurons, respectively, n � 9 neurons/group).

To determine whether there is endogenous glutamate release
from DRG neuronal cell bodies to cause NMDAR-dependent

Figure 2. NR1-cKO mice display increased frequency in action potentials in small-sized DRG neurons. A, NMDA (500 �M)
induces inward current in WT neurons (20/28 neurons), but not in NR1-deficient neurons (n � 0/25 neurons). B, Venn diagram
showing portion of small DRG neurons responding to NMDA. C, Traces of single and repetitive action potentials induced by current
injection in WT and NR1-deficient neurons (n � 15 neurons/group). D, Action potential frequencies in WT and NR1-deficient
neurons after current injection (25, 100, and 250 pA). *p � 0.05 compared with WT, n � 8 neurons/group. E, F, Artificial action
potentials induce inward current in a neuron in whole-mount DRG, which is blocked by APV (50 �M). F, Amplitude of the inward
currents recorded in whole-mount DRG after action potentials. *p � 0.05, paired t test, n � 20 or 6 neurons per group.
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inward current, we used whole-mount DRGs for whole-cell
voltage-clamp recordings. Depolarization of DRG neurons by
current injection induced marked inward currents in 20 of 38
neurons and APV blocked the inward currents (Fig. 2E,F). The
same stimulation failed to induce inward currents in all six NR1-
deficient neurons we recorded (data not shown). Therefore, de-
polarization may induce NMDAR-dependent inward currents in
DRG cell bodies via endogenous glutamate release.

Reduction in activity but not expression of SK channels in
DRG neurons of NR1-cKO mice
Ca 2�-activated SK channels (SK1, SK2, and SK3) are expressed in
DRG neurons (Mongan et al., 2005) and play an important role
in regulating action potentials (Faber, 2010; Adelman et al.,
2012). Activation of NMDARs and voltage-gated Ca 2� channels
contributes to the activation of SK channels in cortical neurons
(Adelman et al., 2012). Single-cell RT-PCR analysis in small-sized
DRG neurons revealed that NR1, SK1, SK2, and SK3 were ex-
pressed by 70%, 90%, 90%, and 20% of neurons, respectively
(Fig. 3A). All NR1-positive neurons expressed SK2 (Fig. 3A),
providing a cellular basis for NMDAR modulation of SK activity.
As expected, NR1 expression was completely lost in NR1-cKO
mice, but SK1/SK2/SK3 expression was unaltered after NR1 de-
letion (Fig. 3A).

To determine the function of SK in DRG neurons, we selec-
tively blocked SK with apamin (Adelman et al., 2012). Apamin
(100 nM) markedly increased action potential frequency (Fig.
3B,C). The NMDAR antagonist APV (50 �M) also significantly
increased the action potential frequency, although the frequency
was lower than that of apamin treatment (Fig. 3B,C). A com-

bined treatment of apamin and APV did not further increase the
frequency over that of apamin alone, suggesting that APV may
modulate action potentials via SK.

We further isolated apamin-sensitive outward AHP currents
in DRG neurons as described previously (Gold et al., 1996). AHP
currents were largely suppressed by apamin (100 nM; Fig. 3D–G).
AHP currents were not affected in the cKO mice after the first
pulse stimulation (400 ms, �60 to 0 mV and returning to �60
mV). Interestingly, the AHP currents after the second pulse (400
ms, �80 to 0 mV and returning to �60 mV) were abolished in
NR1-deficient neurons (Fig. 3D,E). In parallel, APV (50 �M) also
suppressed the second pulse-evoked currents, whereas NMDA
(100 �M) increased the currents (Fig. 3F,G). Therefore, genetic
deletion or pharmacological blockade of NMDARs in DRG neu-
rons may result in hyperexcitability via suppressing the SK chan-
nel activity.

Increased thermal and mechanical pain sensitivity and spinal
cord synaptic transmission in NR1-cKO mice
NR1-cKO mice showed pain hypersensitivity in several behav-
ioral tests. These mice displayed mechanical hypersensitivity, as
indicated by lowered paw withdrawal thresholds to von Frey hair
stimuli (p � 0.05, n � 17 mice/group; Fig. 4A). The cKO mice
also exhibited thermal hypersensitivity in response to radiant
heat in Hargreaves tests (p � 0.05, n � 6 mice/group) or hot plate
tests (p � 0.05, n � 12 mice/group). Conversely, hot water tail
immersion tests did not show any differences between genotypes
at 48°C, 50°C, and 52°C (Fig. 4B). Furthermore, both the first
phase (0 –10 min) and the second phase (10 – 45 min) responses
in the formalin test were unaltered in the NR1-cKO mice (Fig.

Figure 3. NR1 deficiency and NMDAR blockade cause suppression of apamin-sensitive SK channel activities and hyperexcitability in small-sized DRG neurons. A, Single-cell RT-PCR in 10
small-sized DRG neurons showing the expression and colocalization of SK1, SK2, SK3, and NR1. Note that most neurons express NR1 (70%), SK1 (90%), and SK2 (90%), but not SK3 (20%). GAPDH,
positive control; M, molecular weight; N, negative control. B, C, Apamin (100 nM) and APV (50 �M) increase action potential frequency in DRG neurons. B, Traces of action potentials. C, Frequency
of action potentials. Note that APV plus apamin produces no further increase in frequency compared with apamin alone. *p � 0.05 compared with control; #p � 0.05. NO, no significance, n � 5– 6
neurons/group. D, E, AHP currents are reduced in NR1-deficient neurons after the second pulse stimulation. D, Traces of AHP currents in control, apamin-treated, and NR1-deficient DRG neurons. E,
Amplitude of AHP currents. *p � 0.05, n � 7–10 neurons/group. F, G, AHP currents are increased by NMDA and suppressed by APV. F, Traces of AHP currents of control and NMDA-, apamin-, and
APV-treated DRG neurons. G, Amplitude of AHP currents. *p � 0.05, n � 5–12 neurons/group.
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4C). The discrepancy in different pain tests may be due to differ-
ent sensitivity in these tests or to different contributions of pe-
ripheral versus central NMDARs to pain sensitivity. In support of
electrophysiological results (Fig. 3), intraplantar injection of
apamin (200 ng) induced marked mechanical and heat hypersen-
sitivity, which recovered after 3 h (Fig. 4D,E).

Finally, we investigated whether presynaptic NR1 and SK are
involved in spinal cord synaptic transmission. Patch-clamp re-
cording in outer lamina II neurons, presumably excitatory neu-
rons (Park et al., 2011), showed a significant increase in
miniature EPSC (mEPSC) frequency but not amplitude in NR1-
cKO mice (Fig. 4F,G), indicating a presynaptic mechanism. Su-
perfusion of spinal cord slices with apamin (100 nM) also
increased the frequency and amplitude of mEPSCs (Fig. 4F,G).

Discussion
Previous studies implicated conflicting roles of NMDARs in the
peripheral and central terminals of primary sensory DRG neu-
rons in pain control (Liu et al., 1997; Coggeshall and Carlton,
1998; Du et al., 2003; Bardoni et al., 2004). Our study demon-
strated that peripheral NMDARs control the intrinsic excitability
of DRG neurons. Specifically, NR1-deficient DRG neurons ex-
hibited marked increase in action potential frequency. This in-
crease in excitability in NR1-cKO mice can be recapitulated by
pharmacological inhibition of NMDARs in wild-type neurons.
Consistently, NR1-cKO mice exhibited enhanced mEPSC fre-
quency in lamina IIo neurons due to increased glutamate release
from presynaptic terminals. These lamina IIo neurons are pre-
dominantly excitatory and receive C-fiber input (Todd, 2010;

Park et al., 2011). It is conceivable that the hyperexcitability in
DRG nociceptive neurons and enhanced excitatory synaptic
transmission in spinal nociceptive circuit lead to pain hypersen-
sitivity in NR1-cKO mice.

In a previous study, NR1 was deleted in peripherin-expressing
DRG neurons (McRoberts et al., 2011), which resulted in an
�75% reduction of NR1 expression as determined by Western
blot analysis. In these peripherin-NR1-cKO mice, no detectable
difference in thermal or mechanical sensitivity was observed, but
the mice showed a reduction in formalin-induced second phase
pain (McRoberts et al., 2011). In this study, we deleted NR1 using
Advillin-Cre. Advillin is known to be selectively expressed by all
neurons in DRGs (Hasegawa et al., 2007), which is further sup-
ported by the observation that NR1 expression was lost in essen-
tially all DRG neurons, but not in central spinal cord neurons of
our NR1-cKO mice (Fig. 1A,B). Consistently, NMDA-induced
inward currents were completely lost in NR1-deficient DRG neu-
rons (Fig. 2A), whereas the primary afferent projections to the
superficial and deep dorsal horn were normal in the mutant mice
(Fig. 1C). Unlike peripherin-NR1-cKO, NR1 deletion in
Advillin-expressing DRG neurons resulted in pain hypersen-
sitivity in the von Frey (mechanical sensitivity), Hargreaves,
and hot plate (heat sensitivity) tests, but normal inflammatory
pain in the formalin test. This discrepancy may result from
complete deletion of NR1 in all DRG neurons using Advillin-
Cre versus partial deletion of NR1 in subsets of DRG neurons
using peripherin-Cre driver. Furthermore, peripherin is also
expressed by motor neurons and other CNS neurons (Allen

Figure 4. NR1-cKO and apamin-treated mice show pain hypersensitivity and enhanced synaptic transmission. A, NR1-cKO mice display reductions in paw withdrawal threshold in the Von Frey
test (n � 17 mice/group), paw withdrawal latency in the Hargreaves test (n � 6 mice/group), and paw withdrawal latency in the hot plate test at 48°C (n � 12 mice/group). *p � 0.05 compared
with wild-type littermate controls. B, Tail immersion test showing unaltered tail flick latency in NR1-cKO mice. n �6 mice/group. C, Formalin test showing normal first phase (0 –10 min) and second
phase (10 – 45 min) pain in cKO mice. n�6 mice/group. D, E, Intraplantar injection of apamin (200 ng) induces mechanical allodynia (von Frey test, D) and heat hyperalgesia (hot plate test, E). *p�
0.05 compared with vehicle controls, n�6 mice/ group. F, G, mEPSCs in spinal lamina II neurons in spinal cord slices of NR1-cKO mice and wild-type mice before and after apamin (100 nM) treatment.
F, Representative traces of mEPSCs. G, Frequency and amplitude of mEPSCs. *p � 0.05, n � 6 neurons/group.
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Brain Atlas, http://mouse.brain-map.org/experiment/show/
70232000), raising the possibility of NR1 deletion in non-
DRG neurons using peripherin-Cre.

How are NMDARs in DRG somata activated? Is there activity-
dependent glutamate release in DRG? Our DRG whole mount
recording showed that current injection was sufficient to induce
APV-sensitive inward currents in neuronal somata (Fig. 2E,F).
Therefore, depolarization may induce NMDAR-dependent in-
ward currents in DRG cell bodies via autocrine or paracrine glu-
tamate release. This result has provided evidence for possible
glutamate transmission in the cell body in addition to synapses.
Our finding may also suggest a new mechanism for neuron–
neuron interactions in DRG.

How do NMDARs regulate neuronal excitability in DRG? Our
data showed that Ca 2�-activated and apamin-sensitive SK in
DRG neurons could be involved (Fig. 3D–G). First, SK1 and SK2
are expressed in most small-sized DRG neurons that coexpressed
NR1 (Fig. 3A). Second, both APV and apamin increased the
number of action potentials in DRG neurons. Third, apamin-
sensitive tail currents after the second pulse stimulation were lost
in NR1-deficient neurons and suppressed by APV in wild-type
neurons. Fourth, NMDA increased the apamin-sensitive cur-
rents in wild-type DRG neurons. SK channels were originally
thought to mediate AHP that follows action potentials. They are
also expressed by postsynaptic neurons to regulate synaptic
transmission and dendritic excitability (Adelman et al., 2012).
Calcium influx through NMDARs, as well as L-type calcium
channels, R-type calcium channels, and calcium release from IP3
receptor-sensitive calcium stores, can activate SK (Faber, 2010;
Adelman et al., 2012). It is plausible that in DRG neurons, cal-
cium influx through NMDARs is an important source of Ca 2�

for SK activation, although we should not exclude the role of
other calcium channels. Loss of NMDARs in DRG neurons re-
sults in suppressed SK activity, causing these neurons to become
hyperexcitable. Consistently, apamin increased excitability in
DRG neurons, excitatory synaptic transmission in spinal cord
neurons, and pain sensitivity (Figs. 3, 4).

It is likely that peripheral NMDARs may play different roles
under different pain or injury conditions. Injury-induced activa-
tion of NMDARs in the spinal cord is the best known mechanism
for central sensitization. NMDAR-mediated Ca 2� influx acti-
vates several protein kinases, such as CaM kinase, protein kinase
C, protein kinase A (via Ca 2�-dependent adenylate cyclase), and
MAP kinase for the initiation and maintenance of central sensi-
tization (Ji et al., 2003). However, NMDAR-mediated Ca 2� in-
flux also activates Ca 2�-dependent SK channels, serving as a
negative feedback to control central sensitization and peripheral
sensitization. Our findings call for attention to possible antinoci-
ceptive effects of NMDAR activation in primary sensory neurons
and also possible opposing effects of NMDAR antagonists for the
treatment of chronic pain and other neurological diseases.
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Park CK, Lü N, Xu ZZ, Liu T, Serhan CN, Ji RR (2011) Resolving TRPV1-
and TNF-�-mediated spinal cord synaptic plasticity and inflammatory
pain with neuroprotectin D1. J Neurosci 31:15072–15085. CrossRef
Medline

Sato K, Kiyama H, Park HT, Tohyama M (1993) AMPA, KA and NMDA
receptors are expressed in the rat DRG neurones. Neuroreport 4:
1263–1265. CrossRef Medline

Sawynok J, Reid A (2002) Modulation of formalin-induced behaviors and
edema by local and systemic administration of dextromethorphan, me-
mantine and ketamine. Eur J Pharmacol 450:153–162. CrossRef Medline

Todd AJ (2010) Neuronal circuitry for pain processing in the dorsal horn.
Nat Rev Neurosci 11:823– 836. CrossRef Medline

Zhou X, Wang L, Hasegawa H, Amin P, Han BX, Kaneko S, He Y, Wang F
(2010) Deletion of PIK3C3/Vps34 in sensory neurons causes rapid neu-
rodegeneration by disrupting the endosomal but not the autophagic path-
way. Proc Natl Acad Sci U S A 107:9424 –9429. CrossRef Medline

13430 • J. Neurosci., August 14, 2013 • 33(33):13425–13430 Pagadala et al. • Peripheral NMDARs Regulate Sensory Neuron Excitability

http://mouse.brain-map.org/experiment/show/70232000
http://mouse.brain-map.org/experiment/show/70232000
http://dx.doi.org/10.1146/annurev-physiol-020911-153336
http://www.ncbi.nlm.nih.gov/pubmed/21942705
http://dx.doi.org/10.1016/S0306-4522(02)00009-X
http://www.ncbi.nlm.nih.gov/pubmed/11983324
http://dx.doi.org/10.1523/JNEUROSCI.4637-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15028770
http://dx.doi.org/10.1002/(SICI)1096-9861(19980202)391:1<78::AID-CNE7>3.0.CO%3B2-O
http://www.ncbi.nlm.nih.gov/pubmed/9527543
http://dx.doi.org/10.1073/pnas.1014411108
http://www.ncbi.nlm.nih.gov/pubmed/21300867
http://dx.doi.org/10.1097/00001756-200002280-00014
http://www.ncbi.nlm.nih.gov/pubmed/10718302
http://dx.doi.org/10.1016/S0306-4522(03)00009-5
http://www.ncbi.nlm.nih.gov/pubmed/12699789
http://dx.doi.org/10.1113/jphysiol.2009.185645
http://www.ncbi.nlm.nih.gov/pubmed/20194128
http://dx.doi.org/10.1016/j.pain.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19703730
http://dx.doi.org/10.1016/0304-3940(96)12401-0
http://www.ncbi.nlm.nih.gov/pubmed/8852583
http://dx.doi.org/10.1523/JNEUROSCI.4908-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18160648
http://dx.doi.org/10.1016/j.tins.2003.09.017
http://www.ncbi.nlm.nih.gov/pubmed/14624855
http://dx.doi.org/10.1038/386721a0
http://www.ncbi.nlm.nih.gov/pubmed/9109489
http://dx.doi.org/10.1172/JCI45414
http://www.ncbi.nlm.nih.gov/pubmed/22565312
http://dx.doi.org/10.1126/science.1140263
http://www.ncbi.nlm.nih.gov/pubmed/17556551
http://dx.doi.org/10.1016/j.neuroscience.2010.10.045
http://www.ncbi.nlm.nih.gov/pubmed/20974228
http://dx.doi.org/10.1016/j.neuroscience.2004.09.062
http://www.ncbi.nlm.nih.gov/pubmed/15680700
http://dx.doi.org/10.1523/JNEUROSCI.2443-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22016541
http://dx.doi.org/10.1097/00001756-199309000-00013
http://www.ncbi.nlm.nih.gov/pubmed/8219025
http://dx.doi.org/10.1016/S0014-2999(02)02119-2
http://www.ncbi.nlm.nih.gov/pubmed/12206853
http://dx.doi.org/10.1038/nrn2947
http://www.ncbi.nlm.nih.gov/pubmed/21068766
http://dx.doi.org/10.1073/pnas.0914725107
http://www.ncbi.nlm.nih.gov/pubmed/20439739

	Loss of NR1 Subunit of NMDARs in Primary Sensory Neurons Leads to Hyperexcitability and Pain Hypersensitivity: Involvement of Ca2+-Activated Small Conductance Potassium Channels
	Introduction
	Materials and Methods
	Results
	Sensory-neuron-specific deletion of NR1 subunit
	Increased excitability in DRG neurons of NR1-cKO mice
	Discussion
	References


