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Functional Organization of Cutaneous and Muscle Afferent
Synapses onto Immature Spinal Lamina I Projection
Neurons

Jie Li and X Mark L. Baccei
Pain Research Center, Department of Anesthesiology, University of Cincinnati Medical Center, Cincinnati, Ohio 45267

It is well established that sensory afferents innervating muscle are more effective at inducing hyperexcitability within spinal cord circuits
compared with skin afferents, which likely contributes to the higher prevalence of chronic musculoskeletal pain compared with pain of
cutaneous origin. However, the mechanisms underlying these differences in central nociceptive signaling remain incompletely under-
stood, as nothing is known about how superficial dorsal horn neurons process sensory input from muscle versus skin at the synaptic level.
Using a novel ex vivo spinal cord preparation, here we identify the functional organization of muscle and cutaneous afferent synapses
onto immature rat lamina I spino-parabrachial neurons, which serve as a major source of nociceptive transmission to the brain. Stimu-
lation of the gastrocnemius nerve and sural nerve revealed significant convergence of muscle and cutaneous afferent synaptic input onto
individual projection neurons. Muscle afferents displayed a higher probability of glutamate release, although short-term synaptic plas-
ticity was similar between the groups. Importantly, muscle afferent synapses exhibited greater relative expression of Ca 2�-permeable
AMPARs compared with cutaneous inputs. In addition, the prevalence and magnitude of spike timing-dependent long-term potentiation
were significantly higher at muscle afferent synapses, where it required Ca 2�-permeable AMPAR activation. Collectively, these results
provide the first evidence for afferent-specific properties of glutamatergic transmission within the superficial dorsal horn. A larger
propensity for activity-dependent strengthening at muscle afferent synapses onto developing spinal projection neurons could contribute
to the enhanced ability of these sensory inputs to sensitize central nociceptive networks and thereby evoke persistent pain in children
following injury.
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Introduction
Chronic and recurrent pain is highly prevalent in children and
adolescents (Perquin et al., 2000; Stanford et al., 2008). In addi-

tion to the intensely unpleasant sensory and emotional experi-
ence, pediatric pain interferes with normal social and cognitive
development (Hunfeld et al., 2001; Merlijn et al., 2003) and low-
ers the overall quality of life for children and their families (Jas-
trowski Mano et al., 2011; Öztop et al., 2016; Rabbitts et al., 2016).
While headache has been identified as the most prevalent type of
pain experienced during childhood, musculoskeletal pain also
commonly occurs across the pediatric population (King et al.,
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Significance Statement

The neurobiological mechanisms underlying the high prevalence of chronic musculoskeletal pain remain poorly understood, in
part because little is known about why sensory neurons innervating muscle appear more capable of sensitizing nociceptive
pathways in the CNS compared with skin afferents. The present study identifies, for the first time, the functional properties of
muscle and cutaneous afferent synapses onto immature lamina I projection neurons, which convey nociceptive information to the
brain. Despite many similarities, an enhanced relative expression of Ca 2�-permeable AMPA receptors at muscle afferent synapses
drives greater LTP following repetitive stimulation. A preferential ability of the dorsal horn synaptic network to amplify nocice-
ptive input arising from muscle is predicted to favor the generation of musculoskeletal pain following injury.
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2011). Overall, it is clear that persistent pain requiring clinical
management predominantly originates from deep tissues, such as
muscle, rather than cutaneous regions. For example, while pe-
ripheral nerve injury frequently causes chronic neuropathic pain
(Jensen and Finnerup, 2014), selective damage to the sural nerve
(innervating skin) often fails to do so (Miloro and Stoner, 2005;
IJpma et al., 2006).

Repetitive activation of nociceptive primary afferents leads to
an activity-dependent increase in the excitability of neuronal cir-
cuits in the CNS, termed central sensitization, that contributes to
chronic pain (Latremoliere and Woolf, 2009; Woolf, 2011).
However, sensory neurons are not homogeneous in their ability
to evoke central sensitization, as muscle afferents are reportedly
more effective at increasing the excitability of spinal flexion re-
flexes than cutaneous afferents (Wall and Woolf, 1984; McMa-
hon and Wall, 1989). In addition, repetitive stimulation of the
gastrocnemius nerve (GS; innervating muscle) evokes greater
LTP of C fiber-evoked field potentials in the spinal dorsal horn
compared with sural nerve stimulation (Zhou et al., 2010; Zhang
et al., 2016). Given that LTP represents a means by which the gain
of nociceptive signaling can be rapidly amplified (Ikeda et al.,
2006; Sandkuhler and Gruber-Schoffnegger, 2012), these results
are consistent with the notion that the robust activation of muscle
afferents is more likely to sensitize central nociceptive networks
and drive persistent pain.

The mechanistic basis for this relationship between primary
afferent subtype and the ability to evoke central sensitization re-
mains poorly understood, in part because little is known about
the degree to which central nociceptive networks process muscle
and cutaneous sensory input differently. Anatomical studies sug-
gest that muscle and cutaneous nerves exhibit distinct projection
patterns in the spinal dorsal horn (McMahon and Wall, 1985;
Mense and Craig, 1988; Panneton et al., 2005). Therefore, the
targeting of discrete subpopulations of dorsal horn neurons by
cutaneous and muscle afferents, or differences in the rostrocau-
dal extent of these central projections, could contribute to the
greater propensity of muscle afferents to drive hyperexcitability
in spinal nociceptive networks. However, an alternative possibil-
ity is that fundamental differences exist in the functional organiza-
tion of muscle versus cutaneous afferent synapses onto dorsal horn
neurons. Unfortunately, nothing is known about whether the phe-
notype of primary afferent synapses onto second-order neurons in
the pain pathway depends upon their peripheral target.

Using a novel ex vivo spinal cord preparation, which permits
patch-clamp recording from ascending projection neurons in re-
sponse to the selective stimulation of muscle or cutaneous inputs,
the present study provides the first evidence for afferent-specific glu-
tamatergic transmission within central nociceptive circuits. Most
strikingly, muscle afferent synapses showed a significantly greater
susceptibility to LTP following repetitive activation, which likely re-
flects a higher postsynaptic expression of Ca2�-permeable AMPA
receptors compared with cutaneous inputs to the same neuronal
population during early life. These differences in synaptic organiza-
tion could result in a preferential amplification of muscle sensory
input by the dorsal horn network following tissue or nerve injury,
leading to increased nociceptive signaling to the brain and the sub-
sequent generation of pain hypersensitivity.

Materials and Methods
All experiments adhered to animal welfare guidelines established by the
University of Cincinnati Institutional Animal Care and Use Committee.

Retrograde labeling of spinal projection neurons. Sprague Dawley
rat pups of either sex were anesthetized with a mixture of ketamine

(90 mg/kg) and xylazine (10 mg/kg) on postnatal day 0 (P0) to P1 and
placed in a plaster body mold that was secured in a stereotaxic apparatus
(World Precision Instruments) as described previously (Hoorneman,
1985). The scalp was incised, and a small hole was made in the skull using
an OmniDrill35 (World Precision Instruments). The pup received a sin-
gle injection (50 –100 nl) of FAST DiI oil (2.5 mg/ml; Invitrogen) into the
parabrachial nucleus (PB) using a Hamilton microsyringe (62RN; 2.5 �l
volume) equipped with a 28 gauge needle. The following stereotaxic
coordinates were used (relative to �): 2.7 mm caudal, 1.0 mm lateral,
and 3.3 mm ventral. The skin was closed with Vetbond and the pups
returned to the home cage before the beginning of the electrophysio-
logical experiments.

Intact spinal cord-DRG-peripheral nerve preparation. At P7-P11, pups
were terminally anesthetized with sodium pentobarbital (Fatal-Plus;
Vortec Pharmaceuticals), transcardially perfused with oxygenated aCSF
(composition in mM as follows: 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.0
NaH2PO4, 1.0 MgCl2, 2.0 CaCl2, and 25 glucose, pH 7.2) and decapi-
tated. The spinal cord, L4/L5 DRGs and associated peripheral nerves,
including the GS, tibial, peroneal, and sural nerves (Fig. 1A), were re-
moved and immersed in oxygenated aCSF, and the dura and pia mater
were carefully stripped from the dorsal surface of the spinal cord. The
preparation was then placed in a submersion-type recording chamber
(RC-22; Warner Instruments), mounted on the stage of an upright mi-
croscope (BX51WI; Olympus) and perfused at room temperature with
oxygenated aCSF at a rate of 1.5–3 ml/min. Lamina I neurons were visu-
alized within the intact spinal cord using infrared LED illumination as
described previously (Safronov et al., 2007; Szucs et al., 2009). Spino-
parabrachial (spino-PB) projection neurons were subsequently identi-
fied via DiI labeling and classified based on morphology as fusiform,
pyramidal, or multipolar (Fig. 1C,D).

Patch-clamp recordings. Patch electrodes were constructed from thin-
walled single-filamented borosilicate glass (1.5 mm outer diameter;
World Precision Instruments) using a microelectrode puller (P-97; Sut-
ter Instruments). Pipette resistances ranged from 4 to 6 M�, and seal
resistances were �1 G�. For the majority of experiments, patch elec-
trodes were filled with a solution containing the following (in mM as
follows): 130 Cs-gluconate, 10 CsCl, 10 HEPES, 11 EGTA, 1.0 CaCl2, and
2.0 MgATP, pH 7.2 (295–300 mOsm) to improve space clamp and allow
for improved voltage clamping of projection neurons at depolarized
holding potentials during the recording of IPSCs (Vhold � 0 mV) and
NMDAR-mediated EPSCs (Vhold � 50 mV). For current-clamp experi-
ments and studies of spike timing-dependent plasticity (STDP), the in-
tracellular solution consisted of the following (in mM): 130 K-gluconate,
10 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 MgATP, and 0.3 Na2-GTP,
pH 7.2 (295–300 mOsm).

Patch-clamp recordings were obtained from DiI-labeled neurons in
lamina I using a Multiclamp 700B amplifier (Molecular Devices).
AMPAR-mediated EPSCs were evoked from a holding potential of �70
mV by electrical stimulation of the GS or sural nerves (0 –1 mA, 0.1–5 ms
duration) delivered via a suction electrode connected to a constant-
current stimulator (Master-8). In some studies, GS and sural inputs to a
single projection neuron were alternately stimulated to examine the
degree of synaptic convergence, and the order of sural versus GS stimu-
lation was randomized across experiments. EPSCs mediated by low-
threshold A-fibers were classified as monosynaptic based on their
ability to follow repetitive stimulation (5–10 Hz) with a constant latency
(variation �2 ms) and an absence of synaptic failures. Meanwhile, high-
threshold A-fiber- and C-fiber-mediated EPSCs were classified as mono-
synaptic if no failures were observed during 2 and 1 Hz stimulation,
respectively (Torsney and MacDermott, 2006). Although primary affer-
ent conduction velocity (CV) was not routinely measured in the present
study, the average peripheral nerve-dorsal root length (�32 mm for both
sural and GS nerve preparations) and the range of onset latencies ob-
served for monosynaptic EPSCs allowed for the calculation of an esti-
mated range of CVs for the afferents sampled in our experiments.
Notably, these measurements significantly underestimate CV for a num-
ber of reasons as discussed previously (Li et al., 2015). Polysynaptic IPSCs
were recorded from a holding potential of 0 mV following stimulation of
the GS and/or sural nerves. To calculate the ratio of primary afferent-
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evoked excitation versus inhibition (i.e., E/I ratio) in neonatal projection
neurons, AMPAR-mediated EPSCs were evoked in response to GS (or
sural) nerve stimulation across a range of intensities. After recording the
total EPSCs (i.e., including both monosynaptic and polysynaptic inputs),

projection neurons were then voltage-clamped at 0 mV and IPSCs re-
corded in response to GS (or sural) stimulation across the same range of
stimulus intensities used for evoking EPSCs. At each stimulus intensity,
the area under the total evoked EPSC and IPSC (i.e., AUC) was averaged
across 5 trials and the E/I ratio calculated as follows: mean AUC of EPSC/
mean AUC of IPSC. In separate experiments, current-clamp recordings
of nerve-evoked action potential discharge were obtained at the resting
membrane potential of the sampled neuron. In all experiments investi-
gating convergent cutaneous and muscle sensory input to individual
projection neurons, the order of nerve stimulation (i.e., GS vs sural stim-
ulation) was randomized across recordings.

To investigate the degree to which cutaneous and muscle afferent syn-
apses onto immature projection neurons exhibit different probabilities
of glutamate release, monosynaptic EPSCs were evoked by pairs of iden-
tical stimuli (1.2� threshold at a frequency of 0.067 Hz) delivered at
various interstimulus intervals (75–500 ms; 10 trials each), and the
paired-pulse ratio (PPR) was calculated as follows: PPR � mean ampli-
tude of EPSC2/mean amplitude of EPSC1. To examine the extent of
short-term depression (STD) at these synapses, monosynaptic EPSCs
were evoked by a train of 40 stimuli (delivered at 1, 2, 5, or 10 Hz) and a
mean plateau amplitude was calculated as follows: y/x, where y is the
mean amplitude of the final 5 EPSCs and x is the mean amplitude of the
first EPSC across all trials in a given neuron. Recovery from STD was
investigated via the application of a train of 40 stimuli (at 10 Hz) followed
at various intervals (0.2–10 s) by a single test stimulus of the same inten-
sity. The degree of recovery was calculated as (z � y)/(x � y), where z is
the amplitude of the response to the test stimulus and x and y are as
described above.

To explore possible afferent-specific properties of long-term synaptic
plasticity, we used a recently described protocol for the induction of spike
timing-dependent LTP (t-LTP) in ascending spinal projection neurons
(Li and Baccei, 2016). Briefly, monosynaptic EPSCs were evoked from a
holding potential of �70 mV by stimulation of the attached GS or sural
nerve (every 15 s at an intensity of 1–1.2� threshold). To evoke t-LTP,
following the verification of a stable baseline EPSC amplitude for �5
min, the same primary afferent stimulus was paired with a postsynaptic
action potential evoked by direct intracellular current injection (300 –
800 pA; 5 ms) at an interval of 10 –50 ms after the arrival of the presyn-
aptic input (i.e., 	t � �10 ms, 	t � �20 ms, or 	t � �50 ms) under
current-clamp conditions. After administration of the pairing protocol
(30 pairs of stimuli at 0.2 Hz), projection neurons were again voltage-
clamped at �70 mV and the nerve-evoked EPSCs recorded for �25 min
to calculate a mean normalized change in EPSC amplitude (% baseline).
Previous control experiments showed that the administration of the pre-
synaptic or postsynaptic stimulation alone (i.e., no pairing) failed to alter
synaptic efficacy at sensory synapses onto lamina I projection neurons
(Li and Baccei, 2016).

To examine the relative contribution of NMDARs containing the
NR2B subunit to the overall NMDAR response, NMDAR-mediated cur-
rents were isolated at a holding potential of 50 mV in the presence of
10 �M NBQX, 10 �M gabazine, and 0.5 �M strychnine (to block AMPARs,
GABAARs, and glycine receptors, respectively). The kinetics of NMDAR
current decay were compared between groups by fitting the total
NMDAR current (averaged from 5 consecutive EPSCs) with a double
exponential function (Clampfit 10.3, Molecular Devices). The degree to
which the mean amplitude of the NMDAR current was inhibited by the
bath application of the NR2B-selective NMDAR antagonist Ro 25-6981
maleate (5 �M) was measured and compared between the GS and sural
inputs. Although the observed NMDAR currents may include activity
occurring at “silent” (i.e., pure NMDAR) synapses, which have been
documented in the immature spinal dorsal horn (Bardoni et al., 1998; Li
and Zhuo, 1998; Baba et al., 2000), the relative contribution of silent
synapses to the overall NMDAR currents at sural versus GS afferent
synapses was not examined in the present study. The relative expression
of Ca 2�-permeable AMPARs at muscle and cutaneous afferent synapses
was evaluated by measuring the fraction of monosynaptic EPSC ampli-
tude (averaged from 5 consecutive EPSCs), which was blocked by bath
application of the selective Ca 2�-permeable AMPAR antagonist IEM
1460 (10 �M).

Figure 1. Cutaneous and muscle afferent synapses onto identified morphological subtypes
of lamina I projection neurons. A, Image of an ex vivo intact spinal cord preparation isolated from
a rat at P7, which includes the L4 and L5 DRGs, sciatic nerve, and associated peripheral nerves.
The common peroneal nerve has been removed in the illustrated preparation. B, Representative
image showing the DiI injection site within the PB. C, Example of a multipolar lamina I projec-
tion neuron that was visible within the intact spinal cord 3 d after the injection of DiI into the rat
PB at birth. Scale bar, 10 �m. D, Projection neurons exhibiting pyramidal (arrowhead) and
fusiform (arrow) morphology were also clearly evident within lamina I of the intact spinal cord.
Scale bar, 10 �m. E, F, Electrical stimulation of the attached GS nerve innervating muscle (E), or
the sural nerve containing cutaneous afferents (F ), evoked EPSCs within identified projection
neurons (arrows). G, There were no significant differences in the morphological subtypes of
lamina I projection neurons that received synaptic input from sural (n � 105) versus GS
(n � 104) afferents ( p � 0.581; � 2 test) during early life.
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Membrane voltages were adjusted for liquid junction potentials
(��14 mV) calculated using JPCalc software (P. Barry, University of
New South Wales, Sydney, Australia; modified for Molecular Devices).
Currents were filtered at 4 – 6 kHz through a �3 dB, four-pole low-pass
Bessel filter, digitally sampled at 20 kHz, and stored on a personal com-
puter (ICT) using a commercially available data acquisition system
(Digidata 1440A with pClamp 10.3 software; Molecular Devices).

Statistics. Data were analyzed using two-way ANOVA (with Bonfer-
roni multiple-comparison test; Prism 5.0 software; GraphPad Soft-
ware) unless specified otherwise. The effects of pharmacological
antagonists on EPSC amplitude were compared between the GS and
sural groups using the Mann–Whitney test. The distributions of GS
and sural synaptic inputs as a function of projection neuron morphol-
ogy were analyzed using the � 2 test, as were the patterns of long-term
synaptic plasticity evoked at muscle and cutaneous afferent synapses.
n refers to the number of neurons sampled in a given group. Data are
expressed as mean 
 SEM.

Results
Convergence of cutaneous and muscle sensory input onto
immature spinal projection neurons
Both cutaneous and muscle sensory afferents have been reported
to target lamina I of the rodent spinal cord (Panneton et al.,
2005). However, the degree to which these central projections
innervate distinct populations of ascending projection neurons
remains unclear. To address this issue, whole-cell patch clamp
recordings were obtained from immature spino-PB neurons in
the intact rat spinal cord (Fig. 1A), which were identified via the
retrograde transport of DiI injected into PB at P0 to P1 (Fig. 1B).
Sampled lamina I neurons could be classified as pyramidal, mul-
tipolar, or fusiform based on their somatodendritic morphology
(Fig. 1C,D), as described previously (Prescott and De Koninck,
2002). Electrical stimulation of the GS or sural nerve was used to
activate primary afferents innervating muscle or skin, respec-
tively, which evoked EPSCs in the projection neurons (Fig.
1E,F). There was no statistically significant difference in the
morphological subtypes of spino-PB neurons that received input
from the GS (n � 104 projection neurons) or sural (n � 105)
nerves (p � 0.581; � 2 test; Fig. 1G) during the early postnatal
period.

To investigate the extent to which cutaneous and muscle
afferent synapses may converge onto individual lamina I pro-
jection neurons, alternate stimulation was applied to both
sural and GS inputs to single spino-PB neurons (Fig. 2A).
Primary afferent-evoked EPSCs were classified as monosynap-
tic or polysynaptic based on their response to repetitive stim-
ulation (see Materials and Methods). Monosynaptic EPSCs
were mediated by afferents with estimated conduction veloc-
ities ranging from 2.25 to 0.39 m/s, suggesting that spino-PB
neurons receive direct connections from both A- and C-fiber
afferents during the early postnatal period. As might be pre-
dicted from prior anatomical studies (Panneton et al., 2005),
the relative balance of sural versus GS excitatory transmission
onto projection neurons varied according to their mediolat-
eral position in the superficial dorsal horn (SDH). Projection
neurons in the lateral portion of the SDH (n � 15) predomi-
nantly received cutaneous input (Fig. 2B), whereas projection
neurons located medial to the dorsal root entry zone (n � 23)
were characterized by significant glutamatergic input from
muscle afferents (Fig. 2C). Nonetheless, a considerable per-
centage of immature spino-PB neurons received convergent
excitatory input from the sural and GS nerves (Fig. 2 B, C),
regardless of whether they were located in the lateral (�47%; 7
of 15 neurons) or medial (�61%; 14 of 23) dorsal horn. Strik-

ingly, this convergence was exclusively polysynaptic in nature,
as we failed to observe lamina I projection neurons that received
monosynaptic input from both the sural and GS nerves
(Fig. 2B,C).

Figure 2. Convergenceofcutaneousandmuscleafferentsynaptic inputontosingle laminaIprojection
neurons in the neonatal rat spinal cord. A, Representative example of the EPSCs recorded in an individual
spino-PB neuron in response to the stimulation of the GS (left) or sural (right) nerve in the intact spinal cord
preparation. B, Distribution of monosynaptic and polysynaptic inputs to lamina I spino-PB neurons located
lateraltothedorsalrootentryzone,demonstratingapreponderanceofsuralnerveinputinthisregionofthe
dorsal horn (DH) as well as a high proportion of projection neurons (�47%; 7 of 15) that exhibited conver-
gentinputfromthesuralandGSnerves.C,Themajorityofimmaturespino-PBneuronsresidinginthemedial
portionoflaminaIreceivedsynaptic inputfromafferentstravelingintheGSnerve,withasignificantfraction
of those cells (�61%; 14 of 23) also receiving convergent input from cutaneous afferents from the sural
nerve.Samelegendasin B.
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Feedforward excitation and inhibition of projection neurons
by muscle and cutaneous input to the spinal dorsal horn
during early life
The identification of neonatal projection neurons that received
convergent synaptic input from the sural and GS nerves pro-
vided a valuable opportunity to determine whether cutaneous
and muscle afferents differ in their ability to evoke “feedforward”
excitation versus inhibition onto the key output neurons of the
spinal SDH network (Fig. 3A,B). Examining the ratio of primary
afferent-evoked excitation to inhibition (E/I ratio; see Materials
and Methods) across a range of stimulus intensities failed to re-
veal statistically significant differences between the stimulation of
sural and GS nerves (n � 10; F(1,88) � 0.53; p � 0.469; two-way
ANOVA; Fig. 3C). Nonetheless, separate current-clamp record-
ings demonstrated that sural nerve stimulation was more effec-
tive at driving action potential firing in the sampled lamina I
projection neurons compared with stimulation of afferents trav-
eling in the GS nerve (n � 11; F(1,80) � 9.73; p � 0.0025; repeated-
measures two-way ANOVA; Fig. 4A,B, left, C), although this
difference was not evident at higher stimulus intensities (Fig.
4A,B, right, C).

Because the above measurements of feedforward E/I ratios
and nerve-evoked action potential discharge encompass both
monosynaptic and polysynaptic inputs to developing
spino-PB neurons, they do not allow for a straightforward
comparison of the functional properties of direct muscle af-
ferent versus cutaneous afferent synapses onto immature pro-
jection neurons. Therefore, subsequent experiments sought
to identify the key characteristics of isolated monosynaptic
EPSCs generated by the stimulation of sensory fibers traveling
in the GS and sural nerves. Given the lack of convergent
monosynaptic input to individual spino-PB neurons during
early life (Fig. 2 B, C), GS or sural nerve stimulation was ap-
plied to separate populations of immature spino-PB neurons
in the following studies.

Short-term plasticity at muscle and cutaneous afferent
synapses onto developing projection neurons
Although it is known that the probability of glutamate release (Pr)
at primary afferent synapses can be modulated by early sensory
experience (Li and Baccei, 2011), the degree to which Pr depends
on the peripheral target of the sensory neuron remains unclear.
This issue was addressed by administering paired stimulation of
the sural or GS nerves to evoke monosynaptic EPSCs in neonatal
spino-PB neurons (Fig. 5A). Interestingly, the PPR was signifi-
cantly lower following the stimulation of the GS nerve (n � 10)
compared with the activation of the sural nerve (n � 17; F(1,91) �
24.27; p � 0.0001; two-way ANOVA) at multiple interstimulus
intervals (p � 0.05 at 75 ms interval; p � 0.01 at 100 ms; Bonfer-
roni multiple-comparisons test; Fig. 5B). Because PPR is in-
versely related to Pr (Thomson, 2000), these data point to a higher
probability of glutamate release at muscle afferent synapses onto
immature lamina I projection neurons compared with cutaneous
inputs.

To further characterize short-term plasticity at distinct sub-
types of afferent synapses onto ascending projection neurons, a
train of electrical stimuli was applied to the GS or sural nerve at a
range of frequencies (40 stimuli at 1–10 Hz) and the mean plateau
amplitude calculated (see Materials and Methods) as a measure
of the EPSC amplitude at the end of the train compared with the
first EPSC (Fig. 5C). Frequency-dependent STD was observed at
both muscle (n � 7) and cutaneous (n � 14) afferent synapses
onto neonatal spino-PB neurons (F(3,76) � 42.13; p � 0.0001;

two-way ANOVA; Fig. 5D). However, there was no significant
difference in the magnitude of STD between GS versus sural
nerve stimulation at any frequency examined (F(1,76) � 2.17; p �
0.145; two-way ANOVA; Fig. 5D).

Figure 3. Ratio of “feedforward” excitation to inhibition onto ascending spinal projection
neurons following cutaneous and muscle sensory input during early life. A, Example of EPSC
(black) and IPSC (gray) evoked in an immature spino-PB neuron in response to the delivery of an
electrical stimulus (1 mA, 1 ms) to the GS nerve. The areas under the postsynaptic currents were
used to calculate the indicated E/I ratio. Illustrated traces were averaged from 5 consecutive
EPSCs or IPSCs. B, Representative EPSC (black) and IPSC (gray) evoked in the same spino-PB
neuron as shown in A following identical stimulation (1 mA, 1 ms) of the sural nerve. Traces
represent the average of 5 consecutive EPSCs or IPSCs. C, In projection neurons that received
convergent synaptic input from the sural and GS nerves, there were no significant differences in
the E/I ratio between cutaneous and muscle afferent inputs across the range of stimulus inten-
sities examined (n � 10; p � 0.469; two-way ANOVA).
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The ability of a given population of primary afferent synapses
to recover from STD also has considerable functional implica-
tions for ascending nociceptive transmission to the brain. To
compare the kinetics of recovery from STD at muscle and cuta-
neous afferent synapses onto immature spino-PB neurons, a
train of 40 stimuli (at 10 Hz) was delivered to the GS or sural
nerve followed by a single test stimulus of the same intensity at an

interval of 0.2–10 s (Fig. 5E). As expected, the degree of recovery
from STD was highly dependent on the interval examined
(F(5,108) � 14.74; p � 0.0001; two-way ANOVA; Fig. 5F). Mean-
while, there was no significant difference in recovery between
muscle (n � 11) and cutaneous (n � 9) synapses at the intervals
tested (F(1,108) � 0.07; p � 0.789; two-way ANOVA; Fig. 5F).
Collectively, these results suggest that, despite a higher baseline
probability of glutamate release at muscle afferent synapses onto
lamina I projection neurons, the prolonged activation of sensory
inputs to the spinal dorsal horn will lead to a short-term decre-
ment in the efficacy of glutamatergic signaling that is comparable
across different functional subtypes of primary afferent neurons.

Enhanced t-LTP at muscle afferent synapses onto immature
spino-PB neurons
Although the activation of muscle afferents evokes greater LTP in
the adult spinal dorsal horn compared with cutaneous inputs
(Zhou et al., 2010), the prior reliance on extracellular field poten-
tials makes it impossible to pinpoint the location of those
synapses that are differentially potentiated by the stimulation
protocol. To investigate whether muscle afferent synapses onto
identified lamina I projection neurons are specifically capable of
greater activity-dependent plasticity compared with cutaneous
inputs, we first isolated monosynaptic EPSCs in neonatal
spino-PB neurons following the electrical stimulation of the sural
(Fig. 6A) or GS nerves. Next, postsynaptic action potentials were
elicited via intracellular current injection at an interval (	t) of
10 –50 ms after the onset of the afferent-evoked EPSP (i.e., 	t �
�10 to �50 ms). Similar pairing protocols have been previously
demonstrated to evoke t-LTP at primary afferent synapses onto
spino-PB neurons when dorsal root stimulation is used (Li and
Baccei, 2016). Indeed, these Pre ¡ Post pairings could result in a
persistent increase in the amplitude of EPSCs evoked by sural
(Fig. 6A,B) as well as GS (data not shown) nerve stimulation.

However, the prevalence of t-LTP varied significantly between
cutaneous and muscle afferent synapses onto immature projec-
tion neurons, as twice as many spino-PB neurons exhibited LTP
in response to GS stimulation (22 of 26; �85%) compared with
the use of sural nerve stimulation (11 of 26; �42%; p � 0.007; � 2

test; Fig. 6C). A minority of projection neurons displayed t-LTD
following sural (n � 3) or GS (n � 1) nerve stimulation, with the
remainder of cells showing no significant change in EPSC ampli-
tude compared with the baseline (i.e., before administration of
the Pre ¡ Post pairing protocol). Across the chosen range of
pairing intervals, a significantly greater magnitude of t-LTP was
observed at muscle afferent synapses onto neonatal projection
neurons compared with cutaneous inputs to the same population
(n � 8 or 9 for each group/interval; F(1,46) � 4.41; p � 0.041;
two-way ANOVA; Fig. 6D). Interestingly, t-LTP was observed at
each pairing protocol examined and there was no statistically
significant effect of pairing interval on the magnitude of t-LTP
(F(2,46) � 0.33; p � 0.721; two-way ANOVA; Fig. 6D). Although
this points to a wider timing window for the induction of t-LTP in
neonatal rat spino-PB neurons compared with their counterparts
in the adult mouse (Li and Baccei, 2016), it remains unclear
whether this relates to the stage of postnatal development or to
species-dependent differences in STDP at primary afferent syn-
apses onto lamina I projection neurons.

Conserved NMDAR properties at cutaneous and muscle
afferent synapses onto immature spino-PB neurons
STDP in many areas of the CNS requires the activation of
NMDARs in the postsynaptic neuron (Magee and Johnston,

Figure 4. Convergent cutaneous and muscle afferent synapses drive the firing of immature
lamina I projection neurons. A, Examples of action potential discharge evoked in a neonatal
spino-PB neuron in response to stimulation of the sural nerve at different intensities. Calibra-
tion: 10 mV, 50 ms. B, Stimulation of the GS nerve also resulted in action potential firing in the
same projection neuron as shown in A. A lower firing frequency was observed in response to a 1
mA, 0.5 ms stimulus (left) compared with that following sural nerve stimulation (A, left), but a
similar firing rate was seen with higher intensity stimulation (A, B, right). Calibration: 10 mV, 50
ms. C, Sural nerve stimulation evoked a higher overall frequency of action potential discharge in
projection neurons compared with activation of the GS nerve across the range of stimulus
intensities examined (n � 11; p � 0.0025; repeated-measures two-way ANOVA). *p � 0.05
(Bonferonni post-test for multiple comparisons). The maximum postsynaptic firing rate was
similar between the groups.
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Figure 5. Elevated probability of glutamate release at muscle afferent synapses onto immature spinal projection neurons. A, Pairs of identical electrical stimuli were delivered to the sural or GS
nerve at various interstimulus intervals to evoke monosynaptic EPSCs in spino-PB neurons, and the PPR calculated as mean EPSC2/mean EPSC1. B, The PPR was significantly lower for EPSCs evoked
by GS stimulation (n � 10) compared with the activation of the sural nerve (n � 17; p � 0.0001; two-way ANOVA). *p � 0.05 at 75 ms interval (Bonferroni multiple-comparisons test). **p � 0.01
at 100 ms (Bonferroni multiple-comparisons test). This suggests a higher probability of glutamate release at muscle afferent synapses onto developing projection neurons. C, Top, Representative
example of monosynaptic EPSCs evoked in a neonatal spino-PB neuron by a train of 40 stimuli delivered to the sural nerve at 2 Hz. Calibration: 200 pA, 5 ms. C, Bottom, Concatenated trace of the same
set of EPSCs illustrating how the mean plateau amplitude was calculated (y/x). D, Cutaneous and muscle afferent synapses exhibited similar levels of frequency-dependent STD, as there were no
significant differences in the calculated mean plateau amplitudes between sural and GS nerve stimulation ( p � 0.145; two-way ANOVA). E, Concatenated trace showing EPSCs evoked by a stimulus
train (40 stimuli at 10 Hz) followed at a varying interval (	t) by a single test stimulus of the same intensity (blue). F, The degree of recovery from STD, calculated as (z � y)/(x � y), was similar
between cutaneous and muscle afferent synapses at the intervals tested ( p � 0.789; two-way ANOVA).
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1997; Markram et al., 1997). To investigate the level of postsyn-
aptic NMDAR expression at cutaneous and muscle afferent
synapses onto immature spino-PB neurons, monosynaptic
NMDAR-mediated EPSCs were evoked by sural or GS nerve
stimulation from a holding potential of 50 mV (Fig. 7A). Despite
the greater t-LTP observed at muscle afferent synapses onto
spino-PB neurons (Fig. 6), the overall amplitude of primary
afferent-evoked NMDAR current (Fig. 7A) was similar when
comparing stimulation of the GS (n � 14) and sural nerves (n �
10; p � 0.977; Mann–Whitney test; Fig. 7B). NMDAR subunit
composition, including the relative expression of NR2B-con-
taining receptors, is also known to strongly influence the timing
window governing STDP as well as its polarity (Gerkin et al.,
2007; Kubota and Kitajima, 2008; Guo et al., 2012). Therefore,
the enhanced t-LTP observed at muscle afferent synapses onto
immature projection neurons compared with cutaneous inputs
could potentially be explained by differences in the stoichiometry
of postsynaptic NMDARs. However, fitting the decay phase of the
NMDAR currents with a double exponential function revealed
no differences in the fast (�1) or slow (�2) decay time constants of
the EPSCs evoked by sural (n � 10) and GS (n � 9) nerve stim-
ulation (F(1,34) � 0.03; p � 0.87; two-way ANOVA; Fig. 7C),
suggesting a similar NMDAR subunit composition at cutaneous
and muscle afferent synapses onto neonatal projection neurons.
To specifically examine the relative contribution of the NR2B
subunit to NMDAR-mediated EPSCs at the two types of syn-
apses, we next characterized the sensitivity of NMDAR currents
evoked by sural versus GS nerve stimulation to block by the se-
lective NR2B antagonist Ro 25-6981 (Fig. 7A). The fraction of the

NMDAR EPSC blocked by Ro 25-6981 was similar between the
sural (n � 8) and GS (n � 9) groups (U � 35; p � 0.96; Mann–
Whitney test; Fig. 7D). These results further support the notion
that NMDAR subunit composition is similar across cutaneous
and muscle afferent synapses onto projection neurons during
early life, although we cannot exclude the possibility that differ-
ences in NMDAR expression between the two types of synapses
emerge at later stages of development. Collectively, the data
strongly suggest that the enhanced t-LTP observed at immature
muscle afferent synapses (Fig. 6) is unlikely to be explained by
differences in NMDAR stoichiometry.

Higher relative expression of Ca 2�-permeable AMPARs at
muscle afferent synapses onto projection neurons facilitates
synaptic LTP during early life
Meanwhile, our recent work has demonstrated that t-LTP at pri-
mary afferent synapses onto lamina I projection neurons can be
facilitated by elevated levels of Ca 2�-permeable AMPARs (Li and
Baccei, 2016). Therefore, we next explored the relative expression
of Ca 2�-permeable AMPARs at cutaneous and muscle afferent
synapses onto projection neurons by determining the ability of
the selective antagonist IEM 1460 to block monosynaptic EPSCs
evoked by sural (Fig. 8A) or GS (Fig. 8B) nerve stimulation.
EPSCs evoked by GS nerve stimulation were significantly more
sensitive to IEM 1460 compared with those evoked by activating
sural afferents (sural: n � 6; GS: n � 9; U � 3; p � 0.0028;
Mann–Whitney test; Fig. 8C), thus pointing to a higher relative
expression of Ca 2�-permeable AMPARs at muscle afferent syn-
apses onto immature spinal projection neurons.

Figure 6. Greater propensity for t-LTP at muscle afferent synapses onto neonatal spino-PB neurons. A, Example of average monosynaptic EPSCs evoked by sural nerve stimulation either before
(black) or after (gray) the administration of the t-LTP induction protocol (Pre ¡ Post pairing at 	t � �10 ms). B, EPSC amplitude versus time plot showing a slight potentiation of the EPSC
following the t-LTP induction protocol (black bar). C, Percentage of spino-PB neurons exhibiting LTP, LTD, or no change in EPSC amplitude as a function of the peripheral nerve stimulated,
demonstrating a higher prevalence of t-LTP at muscle afferent synapses (n � 26 in each group; p � 0.007; � 2 test). D, The potentiation of EPSC amplitude was greater following paired Pre¡ Post
stimulation of the GS nerve compared with the sural nerve at the intervals examined (n � 8 or 9 for each group/interval; p � 0.041; two-way ANOVA).
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To elucidate the importance of Ca 2�-permeable AMPARs for
the induction of t-LTP at muscle afferent synapses, Pre ¡ Post
pairing protocols were applied at an interval of 10 ms (as de-
scribed above; see Fig. 6) in the presence of IEM 1460. As ex-
pected, the amplitude of monosynaptic EPSCs evoked by
stimulation of the GS nerve (Fig. 9A) was reduced by the bath
application of IEM 1460 (Fig. 9B). However, the subsequent ad-
ministration of the pairing protocol failed to significantly influ-
ence EPSC amplitude (n � 4; Fig. 9B, gray trace, C), despite

Figure 7. Similar postsynaptic NMDAR expression at cutaneous and muscle afferent
synapses onto immature projection neurons. A, Following the pharmacological isolation
of monosynaptic NMDAR-mediated EPSCs (black) in neonatal spino-PB neurons, the se-
lective antagonist of NR2B-containing NMDA receptors, Ro 25-6981, was bath applied
(purple) and electronic subtraction used to isolate the NR2B component (red) of the
overall NMDAR current. Illustrated traces were averaged from 5 consecutive EPSCs under a
given experimental condition. B, The mean amplitudes of the total NMDAR-mediated
currents evoked by stimulation of the sural (n � 10) and GS (n � 14) nerves were similar
( p � 0.977; Mann–Whitney test). C, There were no significant differences in the fast (�1)
or slow (�2) decay time constants between NMDAR-mediated EPSCs evoked by sural (n �
10) or GS (n � 9) nerve stimulation ( p � 0.871; two-way ANOVA). D, The fraction of total
NMDAR current blocked by Ro 25-6981 was similar between the sural (n � 8) and GS (n �
9) groups ( p � 0.962; Mann–Whitney test), suggesting a similar NMDAR stoichiometry at
cutaneous and muscle afferent synapses onto lamina I projection neurons during early
life.

Figure 8. Elevated relative expression of Ca 2�-permeable AMPARs at muscle afferent syn-
apses onto ascending projection neurons. A, Example of monosynaptic EPSCs evoked in a neo-
natal spino-PB neuron by sural nerve stimulation before (black) and after (gray) the bath
application of IEM 1460 (10 �M), a selective antagonist of Ca 2�-permeable AMPARs. B, The
amplitude of EPSCs evoked by GS nerve stimulation (in a different spino-PB neuron) was also
reduced by IEM 1460. C, Monosynaptic EPSCs evoked by GS nerve stimulation (n � 9) were
significantly more sensitive to block by IEM 1460 compared with those evoked by sural nerve
stimulation (n � 6). **p � 0.0028 (Mann–Whitney test).
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producing clear t-LTP under control conditions (n � 9; U � 0;
p � 0.0028; Mann–Whitney test; Fig. 9C). This suggests that the
activation of Ca 2�-permeable AMPARs is essential for evoking
t-LTP at muscle afferent synapses onto developing projection
neurons.

Discussion
Evidence points to important functional differences between the
primary afferent neurons innervating skin versus muscle, includ-

ing the timing of neurogenesis (Kitao et al., 2002), neurotrophin
dependence (Hory-Lee et al., 1993), ion channel expression
(Oyelese and Kocsis, 1996; Djouhri et al., 2003; Christianson et
al., 2006), their ability to produce neurogenic extravasation (Mc-
Mahon et al., 1984), and their response to peripheral injury (Tal
et al., 1999; Liu et al., 2002). Surprisingly, the degree to which
such phenotypic differences exist at their synapses onto second-
order nociceptive neurons within the spinal dorsal horn was
unknown. The present study identifies, for the first time, key
characteristics of cutaneous and muscle afferent synapses in the
developing rodent SDH, with a focus on the lamina I projection
neurons that represent a major output of the spinal nociceptive
circuit (Todd, 2010) and play an essential role in the generation of
chronic pain (Mantyh et al., 1997; Nichols et al., 1999). The re-
sults indicate that, although many fundamental aspects of excit-
atory transmission are conserved across distinct classes of sensory
neurons, cutaneous and muscle synapses exhibit significant dif-
ferences in the probability of glutamate release, postsynaptic
glutamate receptor expression and their susceptibility to activity-
dependent potentiation.

Our recent work has shown that unidentified primary afferent
synapses onto ascending spinal projection neurons can undergo
LTP if the presynaptic input precedes postsynaptic firing by a
brief interval, while paired activity occurring in the reverse order
fails to influence synaptic efficacy under normal conditions (Li
and Baccei, 2016). Using this model of t-LTP, the present study
now demonstrates that muscle afferent synapses onto lamina I
spino-PB neurons are significantly more likely to exhibit t-LTP in
response to correlated Pre ¡ Post pairings compared with cuta-
neous inputs to the same population (Fig. 6). Although further
studies are needed to rigorously compare the precise timing win-
dows governing the induction of t-LTP at cutaneous versus mus-
cle afferent synapses onto immature projection neurons, the
observed facilitation of LTP at muscle afferent synapses agrees
with prior findings that the high-frequency stimulation of the GS
nerve elicits more robust and persistent LTP of C fiber-evoked
field potentials in the dorsal horn compared with sural nerve
stimulation (Zhou et al., 2010; Zhang et al., 2016), which may be
related to the differential expression of BDNF (Zhou et al., 2010).

The present data suggest that a higher relative expression of
Ca 2�-permeable AMPARs at muscle afferent synapses (Fig. 8)
could also mediate the increased susceptibility to synaptic LTP
(Hartmann et al., 2004; Youn et al., 2008; Li and Baccei, 2016).
This greater relative level of Ca 2�-permeable AMPARs seems
unlikely to reflect an absence of the GluR2 subunit at muscle
afferent synapses because the vast majority (96%–99%) of
postsynaptic sites in the SDH contain GluR2 (Nagy et al., 2004;
Antal et al., 2008). However, GluR1 expression varies signifi-
cantly across postsynaptic sites, even those located in close prox-
imity within an individual dorsal horn neuron (Antal et al.,
2008). Therefore, although both muscle and cutaneous afferent
synapses likely contain a mixture of Ca 2�-impermeable and
Ca 2�-permeable AMPARs, it remains feasible that a higher ratio
of GluR1:GluR2 expression exists at muscle afferent synapses
compared with cutaneous inputs. Overall, a higher propensity for
LTP at muscle synapses could contribute to the greater ability of
GS afferents to evoke prolonged increases in the excitability of the
spinal flexion reflex compared with sural afferents (Wall and
Woolf, 1984). This is known to be related to their peripheral targets,
as cross-anastomosing the sural and GS nerves leads to a switch
whereby persistent reflex potentiation is seen following sural stimu-
lation but limited potentiation is produced by GS stimulation (Mc-
Mahon and Wall, 1989).

Figure 9. Ca 2�-permeable AMPARs are required for the generation of t-LTP at muscle
afferent synapses onto immature projection neurons. A, Example of monosynaptic EPSCs in a
lamina I projection neuron following electrical stimulation of the GS nerve, identified by the
ability to follow repetitive stimulation with a stable latency and absence of synaptic failures.
B, Representative examples of EPSCs from the same projection neuron as in A before and after
the application of the selective Ca 2�-permeable AMPAR antagonist IEM 1460 (10 �M). In the
continued presence of IEM 1460, the subsequent administration of Pre ¡ Post pairings at an
interval of 10 ms (	t � �10 ms) failed to alter EPSC amplitude (gray). C, t-LTP at muscle
afferent synapses was abolished by IEM 1460 (n � 4), whereas the same pairing interval
(	t ��10 ms) evokes clear t-LTP of GS inputs in the presence of aCSF (n � 9). **p � 0.0028
(Mann–Whitney test). Data at 	t � �10 ms from Fig. 6 replotted here.
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Prior anatomical studies of the central projections of muscle
afferents have yielded conflicting results regarding the extent to
which these fibers terminate within lamina I of the spinal cord
(Craig and Mense, 1983; Abrahams et al., 1984; Bakker et al.,
1984; Abrahams and Swett, 1986; Ling et al., 2003). The current
study clearly demonstrates that afferents traveling in the rat GS
nerve establish monosynaptic connections onto spino-PB neu-
rons during early life (Figs. 1E; 2C). In addition, the majority of
sampled projection neurons received convergent synaptic input
from the sural and GS nerves, which agrees with previous reports
of an overlap in the distribution of their central terminals within
lamina I (Panneton et al., 2005), although this convergence ap-
pears to be strictly polysynaptic in nature (Fig. 2). Somatic and
visceral sensory afferents also send convergent excitatory inputs
to individual dorsal horn neurons (Foreman et al., 1981; Cervero
and Tattersall, 1987; Luz et al., 2015; Farrell et al., 2016), and the
repetitive activation of one class of afferent can sensitize dorsal
horn neurons to sensory input arising from another peripheral
target (Cervero et al., 1992; Euchner-Wamser et al., 1993; Peles et
al., 2004). Therefore, it seems likely that at least some projection
neurons with dual cutaneous and muscle input also receive syn-
aptic drive from visceral afferents, as reported for other spinal
neurons (Pomeranz et al., 1968; Mørch et al., 2007), although the
degree of convergence could vary according to the rostrocaudal
location of the postsynaptic neuron (Mørch et al., 2007). Because
the ability of a given population of synapses to modulate neuro-
nal excitability can be strongly influenced by not only their den-
sity but also their location within the dendritic arbor (Rall and
Rinzel, 1973; Rinzel and Rall, 1974), it will ultimately be impor-
tant to determine the overall spatial distribution of cutaneous,
muscle, and visceral afferent synapses onto ascending spinal pro-
jection neurons.

Low-threshold A�-fiber input to the spinal dorsal horn acti-
vates multiple populations of inhibitory interneurons that are
essential for suppressing the activation of nociceptive pathways
by innocuous mechanical stimuli (Torsney and MacDermott,
2006; Daniele and MacDermott, 2009; Lu et al., 2013; Duan et al.,
2014; Petitjean et al., 2015). Cutaneous nerves, such as the sural
nerve, contain a high proportion of low-threshold mechanore-
ceptive afferents (Lewin and McMahon, 1991a), which terminate
in the dorsal horn (Li et al., 2011). Therefore, one potential ex-
planation for the higher prevalence of musculoskeletal pain com-
pared with pain arising from skin is that muscle afferents are
more capable of driving the output of the spinal nociceptive cir-
cuit due to a higher ratio of “feedforward” synaptic excitation
versus inhibition onto ascending projection neurons. However,
the present data suggest that afferents in the sural and GS nerves
evoke a similar E/I ratio at their synapses onto lamina I spino-PB
neurons (Fig. 3). Indeed, greater action potential discharge was
observed in response to stimulation of the sural nerve at lower
intensities (Fig. 4), which may reflect the fact that most low-
threshold mechanoreceptive fibers in the GS nerve respond to
muscle stretch (Lewin and McMahon, 1991b) and thus likely
project to the ventral horn rather than dorsal laminae. Nonethe-
less, it should be noted that our analysis was restricted to a single
population of lamina I neurons targeting the PB, and it remains
possible that muscle afferents display a higher E/I ratio compared
with cutaneous afferents at their connections onto deeper projec-
tion neurons within lamina V, which also receives extensive input
from the GS nerve (Craig and Mense, 1983; Panneton et al., 2005;
Lambertz et al., 2006). In addition, given the prior anatomical
reports suggesting that the central terminals of muscle afferents
may be distributed over a greater rostrocaudal length than cuta-

neous afferents (Ling et al., 2003), one cannot exclude the possi-
bility that GS stimulation recruits action potential firing across
a larger number of spinal projection neurons compared with
sural nerve stimulation. This issue could be addressed by the
use of Ca 2�-imaging approaches to measure overall popula-
tion activity within lamina I projection neurons in the intact
spinal cord (Drdla et al., 2009; Laffray et al., 2011) after sural
or GS stimulation.

While the stimulation of the sural and GS nerves will not
exclusively activate cutaneous and muscle primary afferents, as
these nerves contain a mixture of sensory and motor fibers (Na-
kanishi and Norris, 1970), the discharge of motor efferent fibers
in the nerves cannot retrogradely influence sensory processing in
the dorsal horn (O’Donovan et al., 2010) given the absence of
ventral roots in our recording preparation (Fig. 1A). However, it
has yet to be determined whether the present findings can be
generalized across other skin and muscle inputs to the SDH, in-
cluding primary afferents traveling in the saphenous nerve, which
is purely cutaneous (Lynn and Carpenter, 1982). Finally, the
degree to which the functional differences in glutamatergic sig-
naling between cutaneous and muscle afferents are maintained
throughout life remains unclear, as synaptic circuits within the
SDH are known to undergo significant reorganization during the
early postnatal period (Keller et al., 2001; Baccei et al., 2003;
Baccei and Fitzgerald, 2004; Cordero-Erausquin et al., 2005).

In conclusion, despite many similarities in the functional or-
ganization of cutaneous and muscle afferent synapses onto im-
mature spinal projection neurons, a higher relative expression of
Ca 2�-permeable AMPARs elevates the susceptibility of muscle
afferent synapses to activity-dependent potentiation, which may
in turn facilitate the sensitization of central nociceptive circuits.

References
Abrahams VC, Swett JE (1986) The pattern of spinal and medullary projec-

tions from a cutaneous nerve and a muscle nerve of the forelimb of the cat:
a study using the transganglionic transport of HRP. J Comp Neurol 246:
70 – 84. CrossRef Medline

Abrahams VC, Richmond FJ, Keane J (1984) Projections from C2 and C3
nerves supplying muscles and skin of the cat neck: a study using transgan-
glionic transport of horseradish peroxidase. J Comp Neurol 230:142–154.
CrossRef Medline
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