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Aberrant Synaptic Integration in Adult Lamina I Projection
Neurons Following Neonatal Tissue Damage

Jie Li, “Elizabeth Kritzer, Paige E. Craig, and Mark L. Baccei

Pain Research Center, Department of Anesthesiology, University of Cincinnati Medical Center, Cincinnati, Ohio 45267

Mounting evidence suggests that neonatal tissue damage evokes alterations in spinal pain reflexes which persist into adulthood. How-
ever, less is known about potential concomitant effects on the transmission of nociceptive information to the brain, as the degree to which
early injury modulates synaptic integration and membrane excitability in mature spinal projection neurons remains unclear. Here we
demonstrate that neonatal surgical injury leads to a significant shift in the balance between synaptic excitation and inhibition onto
identified lamina I projection neurons of the adult mouse spinal cord. The strength of direct primary afferent input to mature spino-
parabrachial neurons was enhanced following neonatal tissue damage, whereas the efficacy of both GABAergic and glycinergic inhibition
onto the same population was compromised. This was accompanied by reorganization in the pattern of sensory input to adult projection
neurons, which included a greater prevalence of monosynaptic input from low-threshold A-fibers when preceded by early tissue damage.
In addition, neonatal incision resulted in greater primary afferent-evoked action potential discharge in mature projection neurons.
Overall, these results demonstrate that tissue damage during early life causes a long-term increase in the gain of spinal nociceptive
circuits, and suggest that the prolonged consequences of neonatal trauma may not be restricted to the spinal cord but rather include

excessive ascending signaling to supraspinal pain centers.
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Introduction

Painful experiences during childhood have been linked to a
greater predisposition for developing chronic pain as adults
(Walker etal., 2010, 2012). Tissue damage during early life, which
commonly occurs as a consequence of neonatal intensive care
treatment (Stevens et al., 2003; Carbajal et al., 2008), evokes long-
term increases in pain sensitivity in children during prolonged nox-
ious stimulation (Hermann et al., 2006; Wollgarten-Hadamek et al.,
2009; Dengler-Crish et al., 2011). Neonatal injury leads to a local-
ized “priming” of spinal nociceptive withdrawal reflexes in the
mature rat, which manifests as an exacerbated mechanical and
thermal hypersensitivity upon reinjury (Ren et al., 2004; Chu et
al., 2007; Walker et al., 2009). This primed state arises from
changes occurring within the dorsal horn of the spinal cord rather
than at the peripheral site of injury (Beggs et al., 2012). The en-
hanced vulnerability to repeat injury is only observed if the initial
injury occurs during the first postnatal week (Ren et al., 2004;
LaPrairie and Murphy, 2007). Therefore, knowledge of how neo-
natal tissue injury influences the functional organization of
mature nociceptive circuits will advance our mechanistic under-
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standing of the potential link between pediatric and adult chronic
pain.

Recent work has investigated the long-term consequences of
neonatal insults on neuronal processing within the spinal super-
ficial dorsal horn (SDH). Adult dorsal horn neurons demonstrate
greater excitability in vivo when preceded by neonatal tissue dam-
age (Pengetal., 2003; Torsney and Fitzgerald, 2003), which could
reflect prolonged deficits in glycinergic inhibition within lamina
II following early surgical injury (Li et al., 2013). This would
predict that neonatal injury increases the overall excitability, and
therefore output, of adult spinal nociceptive circuits. However,
these prior studies cannot comment directly upon the effects of
early injury on the known output neurons of the SDH network,
which convey noxious sensory information to the brain. These
output neurons correspond to a small population of lamina I
neurons (~5%; Spike et al., 2003) that are unlikely to be included
in a general sampling of dorsal horn cells.

Given the critical importance of lamina I projection neurons
for the generation of neuropathic and inflammatory pain (Man-
tyhetal., 1997; Nichols etal., 1999), it is essential to elucidate how
early tissue damage modulates synaptic input to this specific popu-
lation during adulthood. If the changes described above ultimately
fail to significantly alter synaptic integration and membrane excit-
ability in ascending projection neurons, it is not clear how such
changes can be relevant for pain sensitivity. Unfortunately, noth-
ing is currently known about how neonatal injury influences the
pattern and strength of synaptic connections onto mature lamina
I projection neurons.

Here we demonstrate that early surgical injury evokes long-
term changes in excitatory and inhibitory synaptic signaling onto



Lietal. o Early Injury and Spinal Projection Neurons

m
MM

J. Neurosci., February 11,2015 - 35(6):2438 —2451 « 2439

a stereotaxic apparatus. For patch-clamp re-
cordings, a single injection (100-150 nl) of
FAST Dil oil (2.5 mg/ml) was administered
into the parabrachial nucleus (PB) using a
Hamilton microsyringe (62RN; 2.5 ul volume)
equipped with a 28 gauge needle. Based on an
atlas by Paxinos and Franklin (2012), the fol-
lowing stereotaxic coordinates were used (in
mm; relative to bregma): 4.8-5.0 caudal, 1.2—
1.4 lateral and 4.0—4.2 ventral. For experi-
ments involving the immunohistochemical
analysis of synaptic inputs to lamina I projec-
tion neurons, 50—75 nl of cholera toxin sub-
unit B (CTB; 1%; Sigma-Aldrich) was injected
into the PB using the above approach.

In vitro spinal cord slice preparation. At P56 —
P70, mice were deeply anesthetized with so-
dium pentobarbital (60 mg/kg) and perfused
with ice-cold dissection solution consisting of
the following (in mm): 250 sucrose, 2.5 KCI, 25
NaHCO;, 1.0 NaH,PO,, 6 MgCl,, 0.5 CaCl,,
and 25 glucose continuously bubbled with 95%
0,/5% CO,. The lumbar spinal cord was iso-
lated and immersed in low-melting-point aga-
rose (3% in above solution) at 37°C, which was
then cooled on ice. Parasagittal slices (350400
pum) with the L4-L5 dorsal roots attached
*% (length 7-10 mm) were cut from the side ipsi-
lateral to the injury using a vibrating mi-
crotome (7000smz-2; Campden Instruments).
Slices were incubated for 15-20 min in a recov-
ery solution containing the following (in mm):
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Figure 1.  Neonatal surgical injury increases the efficacy of primary afferent synapses onto adult mouse lamina | projection

neurons. A, Coronal section of adult mouse brain illustrating the site of unilateral Dil injection into the parabrachial nucleus. B,
Sagittal section of the adult spinal cord showing fluorescently back-labeled spino-parabrachial neurons within lamina . Scale bar,
10 m. , Examples of monosynaptic EPSCs in a mature projection neuron evoked by dorsal root stimulation (average trace shown
in red). D, Representative multiphasic EPSCs evoked by DR stimulation, suggesting that the sampled projection neuron received
input from multiple subtypes of primary afferents. £, Hindpaw incision at P3 significantly increased the amplitude of monosynaptic
primary afferent-evoked EPSCs in adult (8 —10 week) lamina | projection neurons (**p = 0.005; Mann—Whitney test). F, P3 injury
also led to a significantly greater area under the primary afferent-evoked EPSCs compared with naive littermate controls (**p =

0.002; Mann—Whitney test).

adult lamina I projection neurons, which exhibit enhanced ac-
tion potential discharge in response to sensory input. We pro-
pose that this altered synaptic integration may significantly
shift the input—output relationship of the adult spinal nocice-
ptive network and thereby favor the amplification of ascending
pain signals in the CNS.

Materials and Methods

All experiments adhered to animal welfare guidelines established by the
University of Cincinnati Institutional Animal Care and Use Committee.
Neonatal surgical injury. At postnatal day (P)3, female mice [FVB-
Tg(GadGFP)4570Swn; Jackson Laboratories] were anesthetized with isoflurane
(2-3%) and a small incision made through the skin and underlying mus-
cle of the plantar hindpaw as described previously (Brennan et al., 1996).
The skin was immediately closed with 7-0 suture (Ethicon) and the
wound fully healed in =2 weeks. Littermate-matched controls, which
were handled in an identical manner (including exposure to anesthesia)
but did not receive hindpaw incision, were used for all experiments.
Identification of ascending spinal projection neurons. Approximately 1
week before euthanasia, adult mice (1822 g) were anesthetized with a
mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg) and secured in

Incision 0.5 CaCl, (Ting et al., 2011), and then allowed
to recover further in an oxygenated artificial
CSF (aCSF) solution containing the following
(in mm): 125 NaCl, 2.5 KCl, 25 NaHCO;, 1.0
NaH,PO,, 1.0 MgCl,, 2.0 CaCl,, and 25 glu-
cose for =1 h at room temperature.

Patch-clamp recordings from identified lam-
ina I projection neurons. After recovery, slices
were transferred to a submersion-type record-
ing chamber (RC-22; Warner Instruments)
and mounted on the stage of an upright micro-
scope (BX51WI, Olympus) which was
equipped with fluorescence to allow for the
identification of Dil-labeled neurons. Slices were then perfused at room
temperature with oxygenated aCSF at a rate of 3—6 ml/min.

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; Sutter Instruments). Pipette resis-
tances ranged from 4 to 6 M) and seal resistances were >1 G{). For
recording action potential activity or EPSCs, electrodes were filled with
an intracellular solution containing the following (in mm): 130
K-gluconate, 10 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 MgATP, and
0.3 Na,-GTP, pH 7.2 (295-300 mOsm; calculated E;; = —65.3 mV).
IPSCs (IPSCs) were recorded using an intracellular solution containing
the following (in mm): 130 Cs-gluconate, 10 CsCl, 10 HEPES, 11 EGTA,
1.0 CaCl,, and 2.0 MgATP, pH 7.2 (295-300 mOsm).

Patch-clamp recordings were obtained from Dil-labeled neurons in
laminaI (Ikeda etal., 2003; Li and Baccei, 2012) using a Multiclamp 700B
amplifier (Molecular Devices). EPSCs were evoked from a holding po-
tential of —70 mV by electrical stimulation of the dorsal root (10 uwA-1
mA, 100 us) delivered via a suction electrode connected to a constant-
current stimulator (Master-8). The threshold to evoke an EPSC was de-
fined as the current intensity that evoked a measurable EPSC in =50% of
the trials. The stimulus threshold and onset latency of an evoked EPSC



2440 - ). Neurosci., February 11,2015 - 35(6):2438 —2451

were jointly used to classify the observed syn-
aptic response as mediated by low-threshold
A-fibers, high-threshold A-fibers, low-
threshold C-fibers, or high-threshold C-fibers.
It should be noted that using the EPSC latency
and dorsal root (DR) length to calculate the
conduction velocity (CV) of the relevant pri-
mary afferent significantly underestimates the
actual CV because this does not account for the
following: (1) the unknown distance traveled
by the afferent fiber upon penetrating the spi-
nal cord. In this regard, it should be noted that
in our parasagittal slice preparation, some EP-
SCs were recorded in projection neurons close
to the L4 DR entry zone in response to L5 DR
stimulation, which would add at least several
millimeters to the overall length of the afferent 80 uA: AS
. . pA:
pathway; (2) the CV of myelinated primary af-
ferents may be slower within the spinal cord
compared with the periphery because myelin-
ated axons can become unmyelinated as they
enter the CNS (Carlstedt, 1977; Thomas et al.,
1993), which would result in a slower onset of
the evoked EPSC; (3) the time needed for an ac-
tion potential to be generated after the onset of
the electrical stimulus (i.e., “utilization time”),
estimated to be ~0.9 ms in adult mouse pri-
mary afferents (Ruscheweyh et al, 2007),
which leads to a proportionately larger error
with short-latency responses (Waddell et al.,
1989); or (4) the time required for synaptic
transmission to occur (~1 ms; Yamashita,
1986; Pinto et al., 2008). EPSCs mediated by
low-threshold A-fibers were classified as

A1

Aa/B
20 pA:

A2

Ao/B

A3

300 pA:

Figure 2.
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Early tissue damage does not alter the electrophysiological properties of primary afferent fibers in the adult dorsal root.

monosynaptic based on their ability to follow
repetitive stimulation (5 stimuli at 1.2X
threshold delivered at 10—20 Hz) with a con-
stant latency and absence of failures. High-
threshold A-fiber and C-fiber mediated EPSCs
were considered monosynaptic if no failures
were observed during 2 and 1 Hz stimulation,

A1-A3, Primary afferent input was classified via the recording of CAPs in the dorsal root in response to increasing stimulus intensity. Low
stimulus intensities (A7) invariably evoked a fast-conducting CAP that was consistent with transmission along large myelinated (Ac/A3)
fibers (left). However, this was sometimes accompanied by a long-latency component that corresponded to conduction along unmyeli-
nated C-fibers (Low G; right). Increasing the stimulus intensity (42) led to an enhancement in the fast-conducting CAP and the appearance
of a waveform with an intermediate latency that is consistent with the recruitment of high-threshold Ad-fibers. Further increases in
stimulus intensity (43) resulted in a broadening of the C-fiber CAP which s likely explained by the recruitment of high-threshold C-fibersin
the dorsal root. B, Plot of the amplitude of the fastest conducting CAP (i.e., Ac/A3 fibers) as a function of stimulus intensity. C, D,
Importantly, there were no significant long-term effects of neonatal tissue damage on the stimulus thresholds (p = 0.629; two-way

respectively (Torsney and MacDermott, 2006).
For recording miniature EPSCs (mEPSCs),
TTX was added to the aCSF at 500 nm. The
effect of bath applying the TRPM8 agonist WS-3 (200 um) or the TRPV1
agonist capsaicin (1 uM) on mEPSC properties was examined to deter-
mine whether these functional subpopulations of primary afferents di-
rectly synapse onto adult lamina I projection neurons.

In other experiments, polysynaptic IPSCs were recorded from a hold-
ing potential of 0 mV following high-threshold stimulation of the dorsal
root (1 mA, 100 ws). To quantify the efficacy of GABAergic and glycin-
ergic inhibition, electronic subtraction was used to isolate the gabazine-
sensitive and strychnine-sensitive components of the IPSC and the area
under the curve (AUC) of each component was calculated. Current-
clamp recordings of primary afferent-evoked action potential discharge
were obtained at the resting membrane potential of the sampled neuron.

Membrane voltages were adjusted for liquid junction potentials (ap-
proximately —14 mV) calculated using JPCalc software (P. Barry, Uni-
versity 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 per-
sonal computer (ICT) using a commercially available data acquisition
system (Digidata 1440A with pClamp 10.3 software; Molecular Devices).

Classification of primary afferent input using CAPs. At the completion
of each experiment, the dorsal root was cut near the dorsal root entry
zone (final length = 6—9 mm) and inserted into a second suction elec-
trode connected to the amplifier headstage. Compound action poten-
tials (CAPs) were recorded in response to electrical stimulation of the
distal portion of the dorsal root (0—1 mA at 100 us duration) at room

ANOVA; () or conduction velocities (p = 0.899; D) of any classes of primary afferent fibers.

A ASfiber

72 pAat 2 Hz

B High-threshold C-fiber

180 pA 180 pAat 1 Hz

Figure 3.  High-threshold primary afferent input to adult spino-parabrachial neurons. A, Repre-
sentative example of EPSCs recorded in an adult lamina | projection neuron in response to primary
afferent stimulation, with a threshold and onset latency that suggests mediation by high-threshold
Ad-fibers (left). The synapticinput was subsequently classified as monosynaptic based onits ability to
follow repetitive stimulation with a stable latency and absence of failures (right). B, Examples of EPSCs
evoked by stimulation of high-threshold C-fibers (left), which was judged to be monosynaptic based
on the ability to follow T Hz stimulation with an absence of failures (right).
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Figure4. Adultlamina projection neurons receive direct input from low-threshold sensory afferents in vitro. A, Low-intensity
electrical stimulation of the DR evoked a short latency EPSC in a mature spino-parabrachial neuron (left) that followed 20 Hz
stimulation (right) and was thus classified as monosynaptic. B, Example of a lamina | projection neuron that exhibited a long-
latency EPSCin response to low-intensity DR stimulation (left) which followed 1Hz stimulation (right), in contrast to a smaller EPSC
with a shorter onset latency (arrow) which exhibited variable latencies and failures during tetanic stimulation and likely reflects
polysynaptic input to the sampled neuron. Ci—Giv, Demonstration of a mature projection neuron receiving monosynaptic input
from both low-threshold A-fibers and low-threshold C-fibers. Ci, Low-intensity DR stimulation evoked a long-latency EPSC that
followed 1 Hz (Giii). A slight increase in stimulus intensity recruited a second component that exhibited a short onset latency (Cif)
and the ability to follow 10 Hz tetanic stimulation with a stable latency and absence of failures (Civ).

temperature. The stimulus intensities needed to activate Aa/AB, AS,
and C-fiber CAPs (see Fig. 2), and the measured conduction veloci-
ties, were used to classify the monosynaptic primary afferent-evoked
EPSCs recorded earlier. This daily calibration of the stimulus parameters
allowed us to account for animal-to-animal variability in the diameter of the
attached dorsal roots and/or variability in the diameter of different stimulat-
ing electrodes.

Immunohistochemistry. Adult mice (n = 35) were killed by intraperi-
toneal injection of sodium pentobarbital (Fatal-Plus; Vortec Pharmaceu-
ticals) and transcardially perfused with cold 0.1 M phosphate buffer
followed by 4% paraformaldehyde in phosphate buffer. Spinal cord lum-
bar enlargements were collected, postfixed overnight in 4% paraformal-
dehyde in phosphate buffer, and then transferred to 30% sucrose in
phosphate buffer overnight or until the spinal cord sank. Cords were
embedded in Tissue Freezing Medium (General Data) and rapidly frozen
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in a bath of isopentane cooled by dry ice. Hor-
izontal or transverse sections (60 wm) were cut
on a Leica 1850CM cryostat and collected in
0.01 m PBS.

Free-floating sections were washed with PBS
then permeabilized at room temperature (RT)
for 1 h with PBS + 0.3% Triton X-100 (PBS-
Tx), then blocked for 2-3 h at RT with 10%
normal donkey serum (NDS; D9663; Sigma-
Aldrich) and 1% BSA in PBS-Tx. In sections to
be stained with PSD-95 antibody, tissue under-
went pepsin-mediated antigen retrieval (Wa-
tanabe et al., 1998; Polgar et al., 2008) before
the permeabilization step. Tissue sections were
incubated for 30 min at 37°C in PBS, followed
by 30 min in 0.2 M HCI and 1 mg/ml pepsin
(Fisher Scientific), then permeabilized and
blocked as described above. Sections were in-
cubated for 3 nights at 4°C in a mixture of
primary antibodies against Cholera toxin sub-
unit B (List Biological Catalog #703, RRID:
AB_10013220; 1:5000) and either VGLUT3
(EMD Millipore Catalog #AB5421, RRID:
AB_2187832; 1:8000), VGLUT1 (EMD Milli-
pore Catalog #AB5905, RRID:AB_2301751;
1:3000), GlyT2 (EMD Millipore Catalog
#AB1773, RRID:AB_90953; 1:4000), PSD-95
(Abcam Catalog #ab18258, RRID:AB_444362;
1:200), or VGAT (Synaptic Systems GmbH
Catalog #131 002, RRID:AB_88787; 1:2500) in
antibody buffer of 5% NDS and 1% BSA in
PBS-Tx. Sections were washed 3 X 30 min at
RT in PBS-Tx then incubated overnight at 4°C
with species-specific AlexaFluor-conjugated
secondary antibodies (Life Technologies
Catalog #A11058, RRID:AB_10563390; Cata-
log #A11073, RRID:AB_10562573; Catalog
#A11034, RRID:AB_10562715; 1:1000, Life
Technologies  Catalog #A21447, RRID:
AB_10584487, 1:500) in antibody buffer. Fi-
nally, sections were washed 3 X 30 min at RT
with PBS, mounted on Superfrost slides
(Fisher Scientific), and coverslipped with
Vectashield mounting medium (H-1400; Vec-
tor Laboratories).

Images were captured on a Zeiss LSM710 con-
focal microscope using either a 10X or 20X dry
objective, or a 63X oil-immersion objective. For
z-stack images, the interval between optical sec-
tions is 0.5 wm. Whenever multiple lines of the
laser were used for the same image, scanning was
done sequentially. The majority of image analysis
was performed using Zeiss Image Browser, with
Adobe Photoshop CS5 used to assemble figures.

Quantitation of GlyT2 or VGAT-immuno-
reactive contacts onto adult projection neurons. CTB-labeled lamina I pro-
jection neurons were selected from animals injected with CTB before
euthanasia as described above. A maximum of three cells were selected
from each mouse before observation of VGAT or GlyT2 immunostain-
ing. For each neuron selected, a z-stack image series was taken spanning
as much of the cell body and dendritic tree as possible under the 63X
oil-immersion objective. The resulting z-series was analyzed using Pho-
toshop CS5 (Adobe) to produce a drawing of the neuron and plot con-
tacts from VGAT or GlyT2-immunoreactive axonal boutons using a
technique described previously (Todd et al., 2002). The number of either
VGAT or GlyT2 contacts per 1000 pm > of combined somatic and den-
dritic surface area was determined for each neuron as follows: dendrites
were assumed to be cylindrical, and the cell body was assumed to be an
ellipsoid having the following surface area:

50pA |

25ms
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Figure 5.  In vitro classification of monosynaptic primary afferent inputs to adult lamina |

projection neurons. EPSCs evoked by dorsal root stimulation that met the criteria for a mono-
synaptic response (see Materials and Methods) were classified as being mediated by LT A-fibers
(blue), HT A-fibers (green), LT C-fibers (pink), or HT C-fibers (data not shown). Each symbol
represents a single lamina | projection neuron. A combination of EPSC threshold and EPSC
latency (corrected for synaptic delay) was considered to categorize the subtype of primary
afferent input to the sampled projection neuron. The stimulus thresholds and axonal conduc-
tion velocities used to classify the afferent subtype were calibrated on a daily basis following the
recordings of CAPs from the dorsal roots as described earlier. Low-threshold A-fiberinputs could
be distinguished from HT A-fiber inputs based on both stimulus intensity and EPSC onset la-
tency, and separated from the low-threshold C-fiber responses based on EPSC latency alone.

S =

<(ab)l.6 + (ac)lﬁ + (bc)l.6>]/l.6
v 3 >

where a is the length of the soma at longest point, b is the width at widest
point, and c is the depth of the z-series image for each cell. All measure-
ments were obtained in LSM Image Browser (Zeiss) using the line draw-
ing tool or open free shape curve tool.

Data analysis and statistics. Electrophysiological data were analyzed
using Clampfit (Molecular Devices) or Mini Analysis (v6.0.3; Synap-
tosoft) software. Nonparametric statistical tests (Mann—Whitney or Wil-
coxon signed rank tests for two groups; Prism 5.0, GraphPad Software)
were used in any cases in which the distribution of data failed the
D’Agostino and Pearson normality test (Prism). x? tests were used to
compare the patterns of primary afferent input between the naive and
neonatally incised groups. n refers to the number of neurons sampled in
a given group unless specified otherwise. Data are expressed as means *
SEM.

Results

Neonatal surgical injury strengthens direct sensory input to
adult lamina I projection neurons

Primary afferent-evoked EPSCs were recorded in identified
spino-parabrachial neurons within lamina I of the adult mouse
spinal cord (Fig. 1A,B). Mature projection neurons exhibited
either monophasic (Fig. 1C) or multiphasic EPSCs (Fig. 1D),
which were classified as monosynaptic based on their ability to
follow repetitive stimulation (see Materials and Methods). The
majority of sampled projection neurons also demonstrated poly-
synaptic EPSCs following DR stimulation (data not shown).
Hindpaw incision at P3 significantly enhanced the efficacy of
monosynaptic primary afferent input to adult lamina I projection
neurons, as evidenced by a significantly greater peak EPSC am-
plitude in neonatally incised mice compared with naive litter-
mate controls (Naive, n = 42; P3 Incision, n = 41; p = 0.005;
Mann—Whitney test; Fig. 1E). Given that peak EPSC amplitude
may not always be an optimal measure of the global excitatory
input to neurons that receive either multiphasic monosynaptic
EPSC:s (Fig. 1D) or a combination of monosynaptic and polysyn-
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aptic EPSCs (data not shown), the integrated area under the
EPSC was also measured as an indicator of overall glutamatergic
drive onto lamina I projection neurons. Importantly, neonatal
incision significantly increased the area under the primary
afferent-evoked EPSCs compared with naive littermate controls
(p = 0.002; Mann—Whitney test; Fig. 1F).

Adult lamina I projection neurons receive monosynaptic
input from both low-threshold and high-threshold sensory
afferents in vitro

To classify the functional subtypes of primary afferents (i.e., A-
and C-fibers) which synapse onto ascending projection neurons
in the adult mouse spinal cord, at the end of each experiment,
CAPs were recorded from the proximal portion of the L4/L5 DRs
in response to distal electrical stimulation at increasing intensi-
ties. In the vast majority of DR examined, increasing the stimulus
intensity between 10 and 40 pA enhanced the amplitude of the
fastest conducting (i.e., Aa/AB) CAP (Fig. 2B) without evidence
of an Ad-mediated CAP, although it is possible that a low-
threshold A8 component is masked by the Aa/AB wave. Interest-
ingly, in some DR, these low intensity stimuli (10—40 pA) could
nonetheless evoke two distinct CAPs: one possessing a fast CV in
the Aa/AR range (3.5-11.7 m/s) and a much slower component
with an estimated CV of <0.4 m/s (Fig. 2A1,D) that was accord-
ingly categorized as a low-threshold C-fiber response. Although
the mean CV of the Aa/AB-mediated CAP is lower than previ-
ously reported for mouse cutaneous afferents at 32°C (Koltzen-
burg et al., 1997), this would be expected as our recordings were
obtained at room temperature (21 —22°C) and the CV in rodent
primary afferents can be reduced by >1 m/s per °C (Birren and
Wall, 1956). In addition, our calculated CV does not consider the
utilization time (see Materials and Methods), which produces a
proportionately larger underestimation of CV with shorter nerve
segments (Waddell et al., 1989; Ruscheweyh et al., 2007). A pro-
gressive increase in the stimulus intensity recruited additional
components of the CAP which were classified as being mediated
by high-threshold Ad-fibers (CV range: 0.7-3.0 m/s; Fig. 2A2) or
high-threshold C-fibers (Fig. 2A3) based on their stimulus
thresholds and CVs. Notably, there was no significant effect of P3
hindpaw injury on the mean electrical threshold (Naive, n = 14;
Incision, n = 15; p = 0.629; two-way ANOVA; Fig. 2C) or CV
(p = 0.899; two-way ANOVA; Fig. 2D) of primary afferent fibers
in the adult dorsal roots.

As expected, the majority of lamina I projection neurons in
naive mice (24 of 35 cells; ~69%) received monosynaptic input
from high-threshold A8 or C-fiber primary afferents (Fig. 3), as
reported previously in the rat (Dahlhaus et al., 2005). Interest-
ingly, we also observed the presence of EPSCs with short onset
latencies (n = 6; Fig. 4A, left) that were recruited at stimulus
intensities (10—40 wA) that selectively activated low-threshold
(LT) A-fiber afferents in subsequent CAP recordings from the
same dorsal root. It should be noted that while the recordings of
CAPs from each dorsal root aided in the daily calibration of the
stimulus parameters needed to activate different classes of pri-
mary afferents, the afferent inputs that correspond to the AB/AS
transitional zone remain difficult to classify and thus we cannot
exclude the possibility that some short-latency EPSCs are medi-
ated by LT Ad-fibers. As a result, putative LT AB-mediated and
LT Ad-mediated synaptic responses were grouped into a “LT
A-fiber” category in the present study. These low-threshold
A-fiber responses could be classified as monosynaptic due to
their ability to follow 10-20 Hz stimulation with a fixed latency
and without the presence of failures (Fig. 4A, right). In other
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Figure 6.  Effect of high external divalent cations on primary afferent-evoked EPSCs in adult
lamina | projection neurons. A, Top, Example of complex EPSCs that were evoked by primary
afferent stimulation in the presence of normal aCSF. The EPSCs were classified as polysynaptic
based on their variable onset latency and the presence of failures during repetitive stimulation
(data not shown). Bottom, Bath application of an external solution containing 4 mm Ca 2+ and
8 mm Mg 2" to suppress polysynaptic transmission significantly decreased the amplitude of
these primary afferent-evoked EPSCs. B, C, Representative examples of EPSCs evoked in adult
lamina | projection neurons that consisted of a short-latency component which was recruited at
low-threshold A-fiber stimulus intensities (B, 20 wA; €, 30 w.A) and followed high-frequency
stimulation, in addition to longer-latency components. Perfusion with a high Ca®*/Mg?*
solution reduced the late phase of the EPSCwithout affecting the amplitude of the short-latency
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neurons (n = 5), low-intensity stimulation of the dorsal root
evoked long-latency EPSCs that followed 1 Hz stimulation with-
out failures (Fig. 4B), suggesting the presence of monosynaptic
connections between LT C-fiber afferents and lamina I projec-
tion neurons in the mature SDH. Figure 4Cillustrates an example
of an adult projection neuron which received multiple subtypes
of direct primary afferent input. Low-intensity stimulation (at 24
1A) evoked a long-latency EPSC (Fig. 4Ci) which could follow 1
Hz stimulation (Fig. 4Ciii). Increasing the stimulus intensity to
28 nA (later demonstrated with CAP recording to selectively ac-
tivate LT A-fibers) recruited an additional EPSC that exhibited
both a short latency (Fig. 4Cii) and the ability to follow 10 Hz
stimulation (Fig. 4Civ). Based on our classification criteria (see
Materials and Methods), a neuron with this pattern of evoked
responses (n = 1 in naive mice) was judged to receive monosyn-
aptic input from both LT A-fibers as well as LT C-fibers.

Figure 5 depicts the overall distribution of primary afferent-
evoked EPSCs (across all experiments) that were judged to be
monosynaptic based on their responses to repetitive stimulation,
plotted as a function of the EPSC threshold and EPSC onset
latency. LT A-fiber inputs clustered at low stimulus thresholds
(=40 pA) and short EPSC latencies (mean = 5.7 + 0.4 ms; n =
52), and could thus be distinguished from LT C-fiber inputs
which exhibited significantly longer onset latencies (30.7 = 1.6
ms; n = 33; p < 0.001; Kruskal-Wallis test with Dunn’s multiple-
comparison test) comparable with those shown by high-
threshold (HT) C-fiber responses (28.1 = 1.4 ms; n = 32; data
not shown). Meanwhile, while the population of HT A-fiber
evoked inputs showed some overlap with the LT A-fiber inputs in
terms of EPSC latency (which could reflect differences in dorsal
root length across different experiments), HT A-fiber mediated
responses nonetheless had significantly longer latencies (14.1 =
1.8 ms; n = 16; p < 0.05 compared with LT A-fiber responses) in
addition to their higher stimulus intensities (Fig. 5).

To further support the conclusion that low-threshold A-fibers
and low-threshold C-fibers make monosynaptic connections
onto adult mouse projection neurons, we also examined the ef-
fects of bath applying a solution containing high concentrations
of divalent cations (4 mM Ca®"/8 mm Mg>") on primary
afferent-evoked EPSCs. Previous work has shown that high ex-
ternal Ca®"/Mg>* predominantly blocks polysynaptic transmis-
sion in the CNS (Berry and Pentreath, 1976; Rose and Metherate,
2005; Shreckengost et al., 2010) via increasing the activation
threshold of voltage-gated Na * channels, thereby making it more
difficult for an intervening neuron within a polysynaptic pathway
to reach action potential threshold. Figure 6A (top) illustrates an
example of a primary afferent-evoked EPSC that was previously
classified as polysynaptic based on a variable onset latency and
the presence of synaptic failures during repetitive stimulation
(data not shown). As predicted by the earlier studies, the application
of modified aCSF containing high Ca®"/Mg**considerably re-
duced this synaptic input to lamina I projection neurons (Fig. 6A,

<«

component, suggesting that this short-latency EPSC reflects a monosynaptic connection onto
the projection neuron. A small delay in the EPSC latency (and the onset of the CAP in the dorsal
root recordings; data not shown) was often observed, which may relate to the elevated firing
threshold in the presence of high external divalents. D, Example of an EPSC evoked by the
stimulation of low-threshold C-fibers (threshold = 20 w.A) that was classified as monosynaptic
based on its ability to follow repetitive stimulation (data not shown). Bath application of high
(a®"/Mg*" had a minimal effect on the amplitude of the evoked EPSC, thus providing addi-
tional support of a direct connection between low-threshold C-fibers and mature projection
neurons.
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Figure7.  Adultlamina projection neurons are innervated by VGLUT3-expressing axonal boutons. A, Transverse section of spinal cord illustrating lamina | neurons back-labeled via injections of
(TBinto the parabrachial nucleus. B, Horizontal (60 rem) section through the superficial dorsal horn demonstrating robust somatic and dendritic labeling of numerous ascending projection neurons.
Scale bars: A, B, 50 um. €, D, Inmunohistochemical localization of the vesicular glutamate transporter VGLUT3, a known marker for low-threshold C-fiber mechanoreceptors, revealed VGLUT3-
positive boutons (green) in close apposition (arrows) to the soma and dendrites of projection neurons identified by staining for CTB (red). €, Representative of a flattened projection of eight z-stack
optical slices, whereas D1-D3 represents a single 0.5-m-thick optical section shown at a higher-magnification from the boxed region in C. E, Flattened projection of nine z-stack optical slices
illustrating another representative projection neuron which received numerous putative synaptic contacts from VGLUT3-containing afferents. F, Single 0.5 wm optical slice showing higher-
magnification of the boxed region in E. G, In contrast, lamina | projection neurons (red) were rarely contacted by axonal boutons expressing VGLUT1 (green), a marker of large myelinated fibers
associated with innocuous mechanoreceptors. H, Higher-magnification of the boxed region in G, demonstrating a lack of VGLUT1-positive boutons (arrows) in the immediate vicinity of the adult
projection neuron. Scale bars, (~H, 10 wm. I, Single 0.5 um optical sections illustrating the soma and proximal dendrites of a fusiform projection neuron back-labeled with CTB (cyan; I7) which
receives input (arrows) from VGLUT3-IR boutons (red; 12, /4) at postsynaptic sites expressing PSD-95 (green, 13, 14). Scale bar, 5 m.

bottom). Importantly, when the response to repetitive stimula-
tion suggested the presence of both monosynaptic and polysyn-
aptic inputs mediated by LT A-fibers, the high Ca*"/Mg>"
solution selectively suppressed the long-latency components of
the EPSC, whereas the short-latency component was relatively
unaffected (Fig. 6B,C), which is consistent with a preferential
dampening of polysynaptic transmission in the dorsal horn in the
presence of elevated divalent cations. Similarly, Figure 6D depicts
an example of a low-threshold C fiber-mediated EPSC that was

judged to be monosynaptic based on its ability to follow repetitive
stimulation. Subsequent perfusion with high Ca>*/Mg>* had a
minimal effect on the amplitude of the evoked EPSC, providing
further evidence that it was monosynaptic in nature.

To provide anatomical support for the existence of direct
connections between LT C-fibers and lamina I projection neu-
rons, we next investigated whether synaptic boutons exhibit-
ing immunoreactivity (IR) for the vesicular glutamate
transporter VGLUT3, a well established marker of LT C-fiber
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Figure 8. Adult lamina | projection neurons receive input from TRPM8- and TRPV1-

expressing synapses. A, Representative traces showing mEPSCs recorded from a holding poten-
tial of —70 mV before (Control) and after the bath application of the selective TRPM8 agonist
WS-3. B, The activation of TRPM8 resulted in a significant increase in the frequency (*p =
0.031; Wilcoxon signed rank test; left), but not amplitude (p = 0.843; right), of mEPSCs re-
corded in lamina | projection neurons from adult naive mice. C, Perfusion of the TRPV1 agonist
capsaicin also significantly potentiated mEPSC frequency in mature projection neurons (*p =
0.032; Mann—Whitney test; left).

neurons (Seal et al., 2009), make direct contacts with projection
neurons identified via the retrograde transport of CTB from the
brain (Fig. 7A,B). As illustrated in Figure 7C-F, numerous
VGLUT3-IR terminals were observed in close apposition to the
soma and dendrites of lamina I projection neurons. At least some
of these VGLUT3-IR terminals likely correspond to synapses
onto the projection neurons, as evidenced by colocalization with
the postsynaptic marker PSD-95 (Fig. 7I). In contrast, mature
projection neurons received sparse putative contacts from axonal
boutons labeled with a primary antibody raised against VGLUT1
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Figure 9.  Early tissue damage alters the distribution of primary afferent inputs to adult
spino-parabrachial neurons. 4, Plot showing the percentage of lamina | projection neurons
(PNs) which received monosynaptic input from LT afferents, HT, or both (LT + HT), demon-
strating an increased prevalence of LT and LT + HT input following P3 hindpaw incision (p =
0.008; x test). B, The percentage of adult projection neurons receiving monosynaptic low-
threshold input was significantly elevated by neonatal surgical injury (p = 0.008; Fisher's exact
test).

(Fig. 7G,H), which is thought to be predominantly expressed
within innocuous AB-fiber mechanoreceptors and/or proprio-
ceptors within the DRG (Todd et al., 2003; Alvarez et al., 2004;
Yasaka et al., 2014).

Given that an estimated 90% of VGLUT3-positive C-fibers in
the mouse express TRPM8 (Draxler et al., 2014) and that TRPM8
activation elevates glutamate release in the rodent superficial dor-
sal horn (Baccei et al., 2003; Draxler et al., 2014), if the above
VGLUT3-IR terminals (Fig. 7) do represent functional synapses
then the application of TRPMS8 agonists should increase mEPSC
frequency in adult lamina I projection neurons. Indeed, the bath
application of WS-3 significantly elevated mEPSC frequency
(n = 6; p = 0.031; Wilcoxon signed rank test; Fig. 8A, B, left)
without influencing mEPSC amplitude (p = 0.843; Fig. 8B,
right). As expected, mature projection neurons also received
input from TRPV1-expressing afferents, as evidenced by the
significant increase in mEPSC frequency in response to capsa-
icin (Fig. 8C).

Neonatal tissue damage alters the pattern of sensory input to
mature spinal projection neurons

To facilitate the statistical comparison of the distribution of di-
rect primary afferent inputs to lamina I projection neurons in
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Figure 10.  Deficits in feedforward inhibition of mature projection neurons following neo-
natal tissue injury. A, Example of polysynaptic IPSCs recorded in an adult lamina | projection
neuron in response to electrical stimulation of the dorsal root before (aCSF) and after the se-
quential bath application of the GlyR antagonist strychnine (STR; 0.5 um) and the GABA,R
antagonist gabazine (GBZ; 10 wm). B, G, Hindpaw injury at P3 caused a significant reduction in
the efficacy of both primary afferent-evoked glycinergic (**p = 0.005; Mann—Whitney
test; B) and GABAergic (*p = 0.033; () transmission onto adult projection neurons, as
measured by the area under the STR-sensitive and GBZ-sensitive IPSCs following elec-
tronic subtraction (AUC).

naive and neonatally incised mice during adulthood, monosyn-
aptic EPSCs were classified as LT (consisting of LT A-fiber and LT
C-fiber evoked responses) or HT (mediated by HT Ad-fiber or
HT C-fiber afferents). The pattern of primary afferent input to
adult lamina I projection neurons was significantly changed by
ipsilateral tissue injury during the early postnatal period (Naive:
n = 35; P3 Incision: n = 35; p = 0.008; x* test), with a decrease in
the percentage of lamina I neurons which received monosynaptic
input solely from HT afferents and a corresponding increase in
the fraction of neurons that were innervated by either LT or a
combination of LT and HT primary afferent fibers (Fig. 9A). Asa
result, the prevalence of lamina I spino-parabrachial neurons that
received monosynaptic input from LT afferents was significantly
elevated by P3 surgical incision (p = 0.008; Fisher’s exact test;

Lietal. o Early Injury and Spinal Projection Neurons

Fig. 9B). This population included neurons which received a
combination of monosynaptic input from both LT A-fibers and
low-threshold C-fibers (n = 3; Fig. 4C). Although a greater sam-
ple size is needed to conduct rigorous statistical analyses of the
prevalence (and strength) of every individual subtype of primary
afferent synaptic input, the available evidence suggests that the
enhanced low-threshold transmission predominantly reflects an
increase in LT A-fiber input, as 51% (18/35) of lamina I projec-
tion neurons in the neonatally injured mice received monosyn-
aptic input from this population compared with 20% (7/35) in
naive littermate controls (p = 0.012; Fisher’s exact test), while no
significant differences were observed in the prevalence of LT
C-fiber input to this population (Naive: 6 of 35; P3 Incision: 8 of
35; p = 0.766; data not shown).

Early tissue damage compromises feedforward inhibition of
lamina I projection neurons following sensory input to the
adult dorsal horn

Our previous work has documented selective deficits in sponta-
neous glycinergic transmission in lamina II of the adult mouse
spinal cord following hindpaw surgical incision at P3 (Li et al.,
2013). However, this study did not address the key question of
whether neonatal injury reduces the level of synaptic inhibition
that ultimately impinges upon ascending projection neurons fol-
lowing primary afferent input to the mature superficial dorsal
horn (i.e., “feedforward inhibition”; Buzsdki, 1984; Nakatsuka et
al., 2005; Lu et al., 2013). To address this issue, high-threshold
electrical stimulation of the dorsal root was used to evoke poly-
synaptic IPSCs in adult projection neurons, and the IPSC was
dissected into its composite subtypes by the bath application of
gabazine to block GABA ,Rs and strychnine to block glycine re-
ceptors (Fig. 10A) as described previously (Baccei and Fitzgerald,
2004). P3 injury significantly decreased the efficacy of primary
afferent-evoked glycinergic input onto adult projection neurons
by ~66% (Naive: n = 24; Incision: n = 22; p = 0.005; Mann—
Whitney test; Fig. 10B). Surprisingly, neonatal tissue damage also
caused a reduction in the strength of GABA ,R-mediated feedfor-
ward inhibition onto adult projection neurons (Naive: n = 22;
Incision: n = 20; p = 0.033; Mann—Whitney test; Fig. 10C).

To determine whether the reduced efficacy of feedforward
inhibition was explained by deficits in the innervation of mature
projection neurons by GABAergic and/or glycinergic neurons,
we quantified the effect of neonatal hindpaw incision on the
number of axonal boutons exhibiting immunoreactivity for the
vesicular GABA transporter VGAT or the glycine transporter
GlyT2 (Puskar et al., 2001) that were in apposition to adult lam-
ina I neurons back-labeled with CTB injected into the brain (Fig.
11A-C). There were no significant differences in the overall den-
sity of VGAT-positive boutons onto lamina I projection neurons
between the naive (1 = 8 cells) and neonatally incised groups
(n = 7; p = 0.787; unpaired  test; Fig. 11D, left). In addition, a
similar density of VGAT-positive contacts was observed at the
soma (Naive: 17.2 £ 1.6 contacts per 1000 ;Lmz; P3 Incision:
15.9 = 2.0; p = 0.611; unpaired ¢ test) and dendrites (Naive:
32.7 * 3.9 contacts per 1000 wm?; P3 Incision: 30.8 + 3.6; p =
0.728) in the two groups (data not shown). Neonatal tissue dam-
age also failed to significantly change the number of glycinergic
terminals contacting adult projection neurons as measured by
the overall density of GlyT2-positive puncta (Naive: n = 17; P3
Incision: n = 10; p = 0.538; unpaired ¢ test; Fig. 11D, right), as
well as the density measured at the soma (Naive: 5.7 = 0.5 con-
tacts per 1000 um?; P3 Incision: 6.1 + 1.2; p = 0.75) or dendrites



Li et al. @ Early Injury and Spinal Projection Neurons

Figure 11.

J. Neurosci., February 11,2015 - 35(6):2438 —2451 « 2447

& 404
%g .
£ 2 30 oo
[ 2N =]
© 9 20—%0%
SB [ ] o0 Aa AA
=2 okt =
0

Naive Incision

GLYT2

Naive Incision

VGAT

Early surgical injury does not disrupt the GABAergic and glycinergic innervation of lamina | projection neurons in the adult spinal cord. A, Representative images of VGAT-IR puncta

(green) in apposition to mature lamina | projection neurons (red) identified via the retrograde transport of CTB injected into the brain. Images represent a projection of a z-stack series of 16 optical
sections at 0.5 pm z-separation. Neuron labeled “B” was selected for quantification. Scale bar, 20 .um. B, Drawing of a projection neuron (highlighted in A) showing the locations of VGAT-IR axonal
boutons in close apposition to the dendrites and soma. Each dot represents a single axonal bouton. Scale bar, 20 wm. C, Higher-magnification of boxed regions in B showing several VGAT-positive
contacts (green) onto the dendrites of the projection neuron (arrowheads). Panels correspond to single optical sections (0.5 m thickness) from the z-stack used in A. Scale bars, 5 m. D, Plot
illustrating that surgical incision at P3 failed to alter the overall density of putative contacts between VGAT-positive (p = 0.787; unpaired t test; left) or GlyT2-positive (p = 0.538; unpaired ¢ test;

right) boutons and lamina | projection neurons during adulthood.

(Naive: 15.9 = 1.6 contacts per 1000 wm?; P3 Incision: 13.4 *
1.3; p = 0.283; data not shown).

Neonatal injury enhances the gain of nociceptive
transmission onto spino-parabrachial neurons in the adult
spinal cord

The observed changes in synaptic signaling onto mature lamina I
projection neurons after neonatal tissue damage are likely to in-
fluence pain sensitivity only if they also result in altered action
potential discharge in these key output neurons of the spinal
nociceptive circuit. Therefore, we next investigated the extent to
which early injury modulated the integration of primary afferent-
evoked synaptic inputs and the subsequent transformation of
these inputs into action potential discharge within adult lamina I
projection neurons. Mature spino-parabrachial neurons could
be divided into two classes based on their firing properties in
response to in vitro electrical stimulation of the dorsal root. A
subset of projection neurons fired no more than a single action
potential regardless of the stimulation intensity (Fig. 12A),
whereas other cells exhibited higher firing frequencies with in-
creasing stimulation of the dorsal root (Fig. 12B). Importantly,
the adult lamina I projection neurons which were capable of
firing repetitively demonstrated a greater level of action potential
discharge in response to primary afferent stimulation when pre-
ceded by neonatal hindpaw incision (Naive: n = 10; Incision: n =

8; p < 0.0001; two-way ANOVA), which was particularly appar-
ent at lower stimulus intensities (Fig. 12D). A significant leftward
shift in the stimulus-response relationship after early injury was
also observed in the group of single-spiking projection neurons
(Naive: n = 5; Incision: n = 7; p = 0.004; two-way ANOVA; Fig.
12C). These changes occurred in the absence of injury-evoked
alterations in the resting membrane potential of the projection
neurons (Naive: —78.8 = 1.7 mV, n = 15; Incision: —78.5 = 1.7
mV, n = 15; p = 0.41; unpaired ¢ test).

Discussion

The present results demonstrate, for the first time, that tissue
damage during the neonatal period has long-term consequences
for synaptic integration and membrane excitability within adult
lamina I projection neurons, which represent a major output of
the spinal nociceptive network and are essential for the genera-
tion of inflammatory and neuropathic hyperalgesia (Mantyh et
al., 1997; Nichols et al., 1999). The data also point to a persistent
reorganization in the distribution of primary afferent synaptic
inputs to mature projection neurons following early surgical in-
jury. The resulting shift in the transformation of sensory inputs
into action potential discharge by these projection neurons is
predicted to enhance the gain of ascending nociceptive transmis-
sion to the brain, and thus represents a novel potential mecha-
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nism by which the mature superficial — p
dorsal horn network may be “primed” by
neonatal tissue damage.

It seems highly likely that the increased
firing of adult lamina I projection neurons
in response to sensory input (Fig. 12) re-
flects, at least in part, a prolonged disrup-
tion in the normal balance between
synaptic excitation and inhibition onto
these cells, as an increased efficacy of pri-
mary afferent synapses (Fig. 1) is accom-
panied by a reduction in afferent-evoked
(i.e., feedforward) inhibition (Fig. 10).
The observed deficits in both glycinergic
and GABAergic feedforward inhibition
are interesting in light of our previous
work suggesting that neonatal hindpaw
incision selectively compromised GlyR-
mediated signaling within lamina IT of the
adult mouse SDH (Li et al., 2013). Al- C
though the underlying mechanisms re- 1.29
main to be elucidated, the available
evidence argues against a reduced inner-
vation of projection neurons by local
GABAergic and glycinergic neurons (Fig.
11). Alternatively, because the inhibitory
synaptic networks of the dorsal horn
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undergo significant maturation during . T
the early postnatal period (Keller et al.,
2001; Baccei and Fitzgerald, 2004;
Cordero-Erausquin et al., 2005; Bremner
and Fitzgerald, 2008; Koch et al., 2012),
aberrant sensory input resulting from
early surgical injury could interfere with
the normal trafficking of GABA,Rs and
GlyRs to appropriate sites on the postsyn-
aptic membrane (Charrier et al., 2010;
Niwa et al., 2012). Another possibility is
that the documented reduction in the intrinsic membrane excit-
ability of GABAergic lamina II neurons in the adult spinal cord
after early injury (Li and Baccei, 2014) results in the activation of
fewer inhibitory interneurons following sensory input to the SDH
and a subsequent reduction in polysynaptic inhibitory transmission
onto mature lamina I projection neurons.

It should be noted that the present investigation selectively
focused on lamina I neurons which project to the PB. Although
~80% of all lamina I projection neurons target the PB and spino-
PAG and spino-thalamic neurons represent a subset of the larger
spino-PB population (Spike et al., 2003), there are important func-
tional differences between the spino-PB and spino-PAG populations
in terms of their intrinsic membrane properties (Ruscheweyh et al.,
2004), synaptic inputs (Dahlhaus et al., 2005), and susceptibility to
synaptic long-term potentiation (LTP; Ikeda et al., 2006). Therefore,
the effects of neonatal incision on synaptic integration and afferent-
evoked firing could vary across different populations of projection
neurons. It will also be important to determine whether neonatal
tissue damage can evoke persistent modifications in the prop-
erties of activity-dependent plasticity at nociceptive synapses
onto different classes of mature lamina I projection neurons.
Indeed, an enhancement of LTP after early injury might be
predicted given that feedforward inhibition of projection neu-
rons is significantly reduced (Fig. 10) and LTP in the SDH is
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Adult lamina | projection neurons exhibit greater action potential discharge in response to sensory input when
preceded by neonatal tissue damage. A, Example of a spino-parabrachial neuron that discharged a single action potential (AP)
from its resting membrane potential regardless of the intensity of dorsal root stimulation. B, Other projection neurons responded
to increasing primary afferent stimulation with a progressive increase in the number of postsynaptic APs. €, D, Neonatal hindpaw
incision led to a significant leftward shift in the stimulus—response function in both the single-spiking (p = 0.004; two-way
ANOVA; €), and repetitive-firing (p << 0.0001; two-way ANOVA; D) subtypes of adult lamina | projection neurons.

strongly influenced by inhibitory signaling within the region (Ikeda
et al., 2000; Hu et al., 2006).

Whereas prior studies of synaptic signaling onto lamina I pro-
jection neurons have understandably focused on high-threshold
(i.e., A8- and C-fiber) primary afferent inputs, our electrophysi-
ological results argue that adult mouse projection neurons are
also directly innervated by low-threshold fibers that exhibit con-
duction velocities in the unmyelinated range (Fig. 4). Low-
threshold C-fiber mechanoreceptors (C-LTMRs) have been
documented in a variety of species including humans, cats and
rodents, where they are predominantly localized to hairy skin and
are thought to encode pleasurable touch under normal condi-
tions (Bessou and Perl, 1969; Hahn, 1971; Shea and Perl, 1985;
Vallbo et al., 1999; Loken et al., 2009; Seal et al., 2009). Indeed, rat
lamina I spino-PB neurons (identified via antidromic stimula-
tion) have been shown to receive input from C-LTMRs in vivo
(Andrew, 2010), although extracellular single unit recordings do
not allow for the determination of whether such inputs are
monosynaptic or polysynaptic in nature. The existence of direct
C-LTMR inputs to ascending projection neurons is supported by
the present observation that axonal boutons exhibiting immuno-
reactivity for VGLUT3, a known marker of the C-LTMR popu-
lation (Seal et al., 2009), form putative synaptic contacts onto
back-labeled spino-PB neurons (Fig. 7). The increased mEPSC
frequency following TRPMS activation (Fig. 8) also supports this
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notion, given the close association between VGLUT3 and
TRPMS in mouse sensory neurons (Draxler et al., 2014). Collec-
tively, the elevation in glutamate release in response to TRPMS8
and TRPV1 agonists suggests that mature projection neurons
receive direct synaptic input from nociceptive afferents which
include those sensitive to temperature.

Perhaps more surprisingly, we also find evidence that adult
projection neurons receive monosynaptic input from low-
threshold afferents conducting in the A-fiber range (Fig. 4). The
onset latencies and stimulus thresholds of the fastest EPSCs (Fig.
5) are consistent with the possibility that they are mediated by
AB-fibers. To our knowledge, there is no anatomical evidence
showing that lamina I receives projections from AP low-
threshold mechanoreceptors (AB LTMRs) in the adult rodent. Ex
vivo phenotyping of sensory neurons suggests that slowly adapting
AB LTMRs project to lamina II-V of the dorsal horn in adult mice
(Woodbury and Koerber, 2007). Similarly, recent genetic labeling of
the rapidly adapting AB LTMR population via the Npy2r promoter
revealed central terminations that were restricted to laminae III-V
(Lietal., 2011). This is in general agreement with our observations
that axonal boutons immunopositive for VGLUT1, a marker of
large, myelinated proprioceptors and innocuous mechanorecep-
tors (Todd et al., 2003; Alvarez et al., 2004; Yasaka et al., 2014),
rarely contacted adult lamina I projection neurons (Fig. 7G,H).
This apparent contradiction may be explained by a significant
limitation of the in vitro spinal cord slice preparation, namely that
the peripheral terminals (i.e., the site of sensory transduction)
have been lost, preventing the functional identification of the
primary afferent mediating the observed synaptic response. As a
result, afferents that are recruited by low-intensity electrical stim-
ulation of the dorsal root in vitro may selectively respond to
noxious stimulation of its peripheral receptive field in vivo. In-
deed, a significant proportion (up to 50%) of A-fiber nociceptors
in the mouse, rat and cat correspond to AB-fibers (Djouhri and
Lawson, 2004), with a particularly close association between A3
nociceptors and moderate pressure receptors (Burgess and Perl,
1967; Burgess et al., 1968; Woodbury and Koerber, 2003). Unfor-
tunately, a biochemical marker of AP nociceptors has yet to be
identified, thus precluding an immunohistochemical analysis of
their synaptic inputs to lamina I projection neurons.

Nonetheless, the data point to a long-term reorganization in
the distribution of primary afferent inputs to adult projection
neurons as the result of neonatal tissue injury, with a significant
increase in the prevalence of spino-parabrachial neurons which
were directly innervated by low-threshold primary afferents (Fig.
9). This may explain the enhanced action potential discharge in
adult projection neurons in response to dorsal root stimulation
in neonatally incised mice, which was particularly evident at
lower stimulus intensities (Fig. 12). The present data suggest that
the increased prevalence of low-threshold input to ascending
projection neurons is most likely mediated by A-fibers, as the
fraction of projection neurons receiving monosynaptic input
from this population increased by >2-fold following neonatal
incision. If these afferents do correspond to AB-fibers associated
with moderate pressure receptors, increased synaptic input from
these fibers to projection neurons could potentiate ascending
nociceptive transmission and therefore contribute to mechanical
hypersensitivity under pathological conditions. However, it
should be noted that our analysis of the strength of primary af-
ferent synapses onto the spino-parabrachial neurons was con-
ducted on pooled data from the various afferent subtypes, and
thus we cannot rule out the possibility that a greater efficacy of
low-threshold C-fiber connections onto lamina I projection neu-
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rons after neonatal injury also makes an important contribution
to the greater action potential firing seen with low-intensity stim-
ulation of the dorsal root. This would be interesting given that
C-LTMRs expressing VGLUT3 are important for the generation
of mechanical allodynia following peripheral nerve damage (Seal
et al., 2009).

In conclusion, we speculate that the observed changes in syn-
aptic integration within mature projection neurons following
neonatal tissue damage lead to a prolonged increase in the am-
plification factor (i.e., gain) of the spinal pain network. This is
predicted to result in a significant potentiation of ascending no-
ciceptive transmission to the brain following subsequent noxious
stimulation, such as that which occurs following a second injury
later in life. Therefore, these persistent changes in synaptic func-
tion within the adult superficial dorsal horn could contribute to
the priming of developing pain pathways following tissue injury
during the early postnatal period.
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