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Neonatal Injury Alters Sensory Input and Synaptic Plasticity
in GABAergic Interneurons of the Adult Mouse Dorsal Horn

Jie Li and ®Mark L. Baccei

Pain Research Center, Department of Anesthesiology, University of Cincinnati College of Medicine, Cincinnati, Ohio 45267

Neonatal tissue injury disrupts the balance between primary afferent-evoked excitation and inhibition onto adult spinal projection
neurons. However, whether this reflects cell-type-specific alterations at synapses onto ascending projection neurons, or rather is indic-
ative of global changes in synaptic signaling across the mature superficial dorsal horn (SDH), remains unknown. Therefore the present
study investigated the effects of neonatal surgical injury on primary afferent synaptic input to adult mouse SDH interneurons using in
vitro patch-clamp techniques. Hindpaw incision at postnatal day (P)3 significantly diminished total primary afferent-evoked glutama-
tergic drive to adult Gad67-GFP and non-GFP neurons, and reduced their firing in response to sensory input, in both males and females.
Early tissue damage also shaped the relative prevalence of monosynaptic A- versus C-fiber-mediated input to mature GABAergic neu-
rons, with an increased prevalence of AB- and A8-fiber input observed in neonatally-incised mice compared with naive littermate
controls. Paired presynaptic and postsynaptic stimulation at an interval that exclusively produced spike timing-dependent long-term
potentiation (t-LTP) in projection neurons predominantly evoked NMDAR-dependent long-term depression in naive Gad67-GFP in-
terneurons. Meanwhile, P3 tissue damage enhanced the likelihood of t-LTP generation at sensory synapses onto the mature GABAergic
population, and increased the contribution of Ca>*-permeable AMPARSs to the overall glutamatergic response. Collectively, the results
indicate that neonatal injury suppresses sensory drive to multiple subpopulations of interneurons in the adult SDH, which likely repre-
sents one mechanism contributing to reduced feedforward inhibition of ascending projection neurons, and the priming of developing
pain pathways, following early life trauma.
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Mounting clinical and preclinical evidence suggests that neonatal tissue damage can result in long-term changes in nociceptive
processing within the CNS. Although recent work has demonstrated that early life injury weakens the ability of sensory afferents
to evoke feedforward inhibition of adult spinal projection neurons, the underlying circuit mechanisms remain poorly understood.
Here we demonstrate that neonatal surgical injury leads to persistent deficits in primary afferent drive to both GABAergic and
presumed glutamatergic neurons in the mature superficial dorsal horn (SDH), and modifies activity-dependent plasticity at
sensory synapses onto the GABAergic population. The functional denervation of spinal interneurons within the mature SDH may
contribute to the “priming” of developing pain pathways following early life injury. j

ignificance Statement

Introduction

GABAergic and glycinergic synaptic circuits in the spinal dorsal
horn are essential for dampening nociceptive transmission in the
CNS and thereby diminishing pain sensitivity. Blocking spinal
GABA R and GlyR-mediated signaling evokes robust mechani-
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cal allodynia and thermal hyperalgesia (Yaksh, 1989; Sivilotti and
Woolf, 1994), and the ablation of specific subtypes of spinal in-
hibitory interneurons also evokes pain hypersensitivity (Duan et
al., 2014; Foster et al., 2015; Petitjean et al., 2015). This likely
reflects their important role in limiting the excitation of spinal
projection neurons (Torsney and MacDermott, 2006) that con-
vey nociceptive signals to the brain (Spike et al., 2003) and are key
for the generation of chronic pain (Mantyh et al., 1997; Nichols et
al., 1999).

It is also now clear that spinal inhibitory networks are func-
tionally immature at birth (Keller et al., 2001; Bremner and
Fitzgerald, 2008). For example, inhibitory synaptic transmission
in the neonatal rat superficial dorsal horn (SDH) is dominated by
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GABA R transmission (Baccei and Fitzgerald, 2004; Koch et al.,
2012), which can evoke membrane depolarization during early
life due to a weak Cl ~ extrusion capacity (Cordero-Erausquin et
al., 2005). Meanwhile, GlyR-mediated inhibition is slower to
emerge during the first postnatal weeks (Baccei and Fitzgerald,
2004), which correlates with significant changes in the expression
of GlyR subunits within the dorsal horn (Koch et al., 2012). Given
the known importance of neuronal activity in shaping the forma-
tion of sensory networks in the dorsal horn (Beggs et al., 2002;
Waldenstrom et al., 2003; Granmo et al., 2008), the slow postna-
tal maturation of inhibitory synaptic circuits in the region may
increase their susceptibility to a persistent reorganization follow-
ing tissue damage during early life, which commonly occurs dur-
ing the essential medical care of infants in a neonatal intensive
care unit (Simons et al., 2003; Carbajal et al., 2008; Cignacco et al.,
2009).

Indeed, our previous work has demonstrated that surgical in-
jury during a critical period of early postnatal development sig-
nificantly decreases the efficacy of glycinergic transmission in the
adult mouse SDH (Li et al., 2013). This was accompanied by a
persistent reduction in feedforward GABA,R- and GIyR-
mediated inhibition of lamina I projection neurons following
sensory input to the adult dorsal horn (Lietal., 2015). This deficit
in feedforward inhibition could be partially explained by a long-
term reduction in the intrinsic membrane excitability of GABAe-
rgic SDH interneurons after early tissue damage (Li and Bacceli,
2014). Nonetheless, injury-evoked changes in the pattern and
strength of primary afferent input to inhibitory interneurons in
the SDH could also contribute to the observed alterations in feed-
forward signaling onto mature projection neurons. Early tissue
damage has been shown to strengthen direct sensory inputs to
adult projection neurons, as well as increase the prevalence of
monosynaptic low-threshold A-fiber input to this population (Li
et al., 2015). However, the degree to which this might reflect a
redirection of developing primary afferent synapses away from
inhibitory interneurons and onto ascending projection neurons
remains unclear, because little is known about how the connec-
tions between sensory fibers and SDH interneurons are influ-
enced by neonatal tissue injury.

The present findings demonstrate that neonatal tissue damage
causes prolonged deficits in primary afferent-evoked drive to
both inhibitory and putative excitatory interneurons within the
adult SDH in both sexes, and persistently modulates activity-
dependent plasticity at sensory synapses onto mature GABAergic
neurons. Collectively, these results provide further evidence that
central nociceptive processing during adulthood is strongly in-
fluenced by noxious sensory experience during early life.

Materials and Methods

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

Hindpaw surgical injury. Female or male Gad-GFP mice [FVB-
Tg(GadGFP)4570Swn; The Jackson Laboratory], which express en-
hanced GFP in GABAergic neurons under the control of the Gad67
promoter (Oliva et al., 2000), were anesthetized with isoflurane (2-3%)
at postnatal day (P)3 and a small incision made through the skin and
underlying muscle of the plantar hindpaw as described previously (Bren-
nan etal., 1996; Li etal., 2013). The skin was immediately closed with 7-0
suture (Ethicon) and the wound fully healed in =2 weeks.

Retrograde labeling of spino-parabrachial neurons. In a subset of exper-
iments, ~1 week before euthanasia, adult (18—22 g) female mice were
anesthetized with a mixture of ketamine (90 mg/kg) and xylazine (10
mg/kg) given via intraperitoneal injection and secured in a stereotaxic
apparatus. A single injection of FAST Dil oil (100—150 nl; 2.5 mg/ml) was
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administered into the parabrachial nucleus using a Hamilton microsy-
ringe (62RN; 2.5 ul volume) equipped with a 28 gauge removable needle.
Based on an atlas by Paxinos and Franklin (2012), the following stereo-
taxic coordinates were used (in mm; relative to bregma): 4.8-5.0 caudal,
1.2-1.4 lateral, and 4.0—4.2 ventral.

Spinal cord slice preparation. At 9—12 weeks of age, female or male
Gad-GFP mice were deeply anesthetized with sodium pentobarbital (60
mg/kg) and perfused with ice-cold dissection solution consisting of the
following (in mm): 250 sucrose, 2.5 KCl, 25 NaHCO;, 1.0 NaH,PO,, 6
MgCl,, 0.5 CaCl,, and 25 glucose continuously bubbled with 95% O,/5%
CO,. The lumbar spinal cord was isolated and immersed in low-melting-
point agarose (3% in above solution; Life Technologies) and cooled on
ice. Parasagittal slices (350—450 wm) with the L3-L4 dorsal roots at-
tached (length 7-10 mm) were cut using a vibrating microtome
(7000smz-2; Campden Instruments). Slices were incubated for 15-20
min in a recovery solution containing the following (in mm): 92 NMDG,
2.5K(l, 1.2 NaH,PO,, 30 NaHCOs, 20 HEPES, 25 glucose, 5 Na ascor-
bate, 2 thiourea, 3 Na pyruvate, 10 MgSO,, and 0.5 CaCl, and then
allowed to recover further in an oxygenated artificial CSF (aCSF) solu-
tion containing the following (in mm): 125 NaCl, 2.5 KCl, 25 NaHCO,,
1.0 NaH,PO,, 1.0 MgCl,, 2.0 CaCl,, and 25 glucose for =1 h at room
temperature.

Patch-clamp recordings. After recovery, slices (with attached dorsal
roots) were transferred to a submersion-type recording chamber (RC-22;
Warner Instruments) and mounted on the stage of an upright micro-
scope (BX51WTI; Olympus). Slices were then perfused at room tempera-
ture 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 the
majority of experiments, patch electrodes were filled with an intracellular
solution containing the following (in mm): 130 K-gluconate, 10 KCI, 10
HEPES, 10 Na-phosphocreatine, 4 MgATP, and 0.3 Na,-GTP, pH 7.2
(295-300 mOsm). For the recordings examining current—voltage (I-V)
relationships of evoked AMPAR currents, patch electrodes were filled
with 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 (305 mOsm).

Whole-cell patch-clamp recordings were obtained from GFP-labeled,
or adjacent non-GFP, lamina I-II neurons in the L3/L4 dorsal horn using
a MultiClamp 700B amplifier (Molecular Devices). For voltage-clamp
experiments, EPSCs were evoked from a holding potential of —70 mV by
electrical stimulation of the dorsal root (10 wA—1 mA, 100 us) delivered
via a suction electrode connected to a constant-current stimulator
(Master-8, AMPI). The threshold to evoke an EPSC was defined as the
current intensity which evoked a measurable EPSC in =50% of the trials.
The stimulus threshold and onset latency of an evoked EPSC were jointly
used to classify the observed synaptic response as mediated by AB-fibers,
Ad-fibers, low-threshold C-fibers, or high-threshold C-fibers. EPSCs
mediated by AB-fibers were classified as monosynaptic based on their
ability to follow repetitive stimulation (10 stimuli at 1.2X threshold de-
livered at 20 Hz) with a constant latency and absence of failures. Ad-
fiber- and C-fiber-mediated EPSCs were considered monosynaptic if no
failures were observed during 2 and 1 Hz stimulation, respectively.

I-V relationships for evoked AMPAR currents were examined in the
presence of 25 um AP5, 10 um gabazine, and 0.5 uM strychnine. To
quantify the degree of AMPAR current rectification, a rectification index
(RI) was calculated as RI = I hp_,/I hp 4. For current-clamp experi-
ments, action potential discharge was measured from the resting membrane
potential in response to dorsal root stimulation of increasing intensity.

Spike timing-dependent plasticity in spinal dorsal horn neurons. Mono-
synaptic EPSCs were evoked in Gad-GFP neurons (or Dil-labeled lamina
I projection neurons) from a holding potential of —70 mV by stimula-
tion of the attached dorsal root (every 15 s at an intensity of 1-1.2X
threshold). Following the verification of a stable baseline EPSC ampli-
tude for =5 min, the same primary afferent stimulus was paired with a
postsynaptic action potential evoked by direct intracellular current injec-
tion (150—800 pA; 5 ms) at an interval (Af = —10 ms) that we previously
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count for animal-to-animal variability in the
diameter of the attached dorsal roots and/or
variability in the diameter of different stimu-
lating electrodes.

Experimental design and statistical analysis.
The experiments shown in Figure 1, B and D,
involved recordings from 12 to 15 Gad-GFP
neurons per group from a total of five female
and four male mice, and data were analyzed
with a repeated-measure (RM) three-way
ANOVA with Stimulus Intensity, Sex and In-
jury as factors and the Tukey’s post-test used
for multiple comparisons. For the studies illus-
trated in Figure 2, B and D, 12-17 non-GFP
neurons were recorded per group from an ad-
ditional 8 female mice, and results were pooled
with data obtained in female Gad-GFP cells

-~ Male Naive
¥ Male Incision

-e- Female Naive
-+ Female Incision

-~ Female Naive
-# Female Incision -¥ Male Incision

(Fig. 1) and analyzed with a RM three-way
ANOVA with Stimulus Intensity, Cell type

-o- Male Naive

(i.e., GFP vs non-GFP) and Injury as factors
and the Tukey’s post-test for multiple compar-
isons. For the experiment illustrated in Figure
3C, data (Naive: n = 68 cells from 28 female
mice; Incision: n = 74 cells from 28 female
mice) were analyzed using the x test. For the
measurements of monosynaptic EPSC ampli-
tude (Fig. 3D), data (Naive: n = 64 neurons
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Figure1. Earlysurgical injury dampens the total primary afferent-evoked input to GABAergic neurons in the adult spinal dorsal

horn. A, Representative EPSCs (including both monosynaptic and polysynaptic components) evoked by dorsal root stimulation
(500 A at 100 pus) in Gad-GFP neurons in the adult SDH from naive mice (top) or littermates receiving hindpaw incision at P3
(bottom). B, Plot of area under the evoked EPSC (AUC) as a function of stimulus intensity, demonstrating a significant reduction in
overall glutamatergic transmission onto adult GABAergic neurons following neonatal incision in both males and females (n =
12-15neurons per group; Injury: £ . = 5.175,p = 0.027; Injury X Sexinteraction: f; ,5) = 0.002, p = 0.966; RM three-way
ANOVA). ¢, Example of current-clamp recordings from Gad-GFP neurons sampled in the adult superficial dorsal horn of naive (top)
or P3-incised (bottom) mice in response to dorsal root stimulation (500 wA at 100 ws). D, Surgical incision during early life
persistently reduced primary afferent-evoked action potential firing in adult GABAergic neurons independently of sex (n = 1215
neurons per group; Injury: F; ,4) = 6.043,p = 0.018, *p << 0.05, Tukey's post-test; Injury X Sexinteraction: F; 44 = 0.010,p =

0.92; RM three-way ANOVA).

demonstrated to evoke maximal spike timing-dependent LTP (t-LTP) in
projection neurons (Li and Baccei, 2016). After administration of the
pairing protocol (30 pairs of stimuli at 0.2 Hz) in the current-clamp
mode, neurons were again voltage-clamped at —70 mV and the primary
afferent-evoked EPSCs were recorded for =25 min to calculate a mean
normalized change in EPSC amplitude (% baseline). In some experi-
ments, the pairing protocol was administered in the presence of selective
antagonists to Ca’'-permeable AMPARs (IEM 1460; 10 um) or
NMDARs (AP5; 25 um), which were added to the bath solution.
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).
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 potentials
(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 temper-
ature. The stimulus intensities needed to activate Aa/A3, A8, and C-fiber
CAPs (see Fig. 3A), and the measured conduction velocities, were used to
classify the monosynaptic primary afferent-evoked EPSCs recorded ear-
lier. This daily calibration of the stimulus parameters allows one to ac-

from 28 mice; Incision: n = 71 neurons from
28 mice) were analyzed using the Mann—Whit-
ney test. For the experiments illustrated in Fig-
ure 3E, 9-13 neurons were recorded from
three mice in each group, and data were ana-
lyzed using RM two-way ANOVA with Bonfer-
roni post-tests for multiple comparisons. For
the studies illustrated in Figure 4F characteriz-
ing the polarity of spike timing-dependent
plasticity (STDP), data (Naive: n = 34 cells
from 15 mice; Incision: n = 33 cells from 17
mice) were analyzed using the Fisher’s exact test.
Subsets of these data regarding the magnitude of
spike timing-dependent long-term depression
(Naive: n = 23 cells; Incision: n = 9 cells; Fig. 4G),
t-LTP (Naive: n = 3 cells; Incision: n = 10 cells;
Fig. 4H ), and overall change in synaptic efficacy
(Naive: n = 34 neurons; Incision: n = 33 neurons; Fig. 4I') were analyzed
with the Mann—Whitney test. Control experiments confirming the ability of
the chosen STDP pairing protocol to induce t-LTP involved recording from
seven lamina I projection neurons from five mice.

In addition, the percentage reduction in EPSC amplitude by IEM 1460
(Naive: n = 8 neurons; Incision: n = 10 neurons; Fig. 5B) was compared
across groups using the Mann—Whitney test. For the experiment exam-
ining the -V relationships of evoked AMPAR currents as illustrated in
Figure 5D, data (Naive: n = 12 neurons from 5 mice; Incision: n = 15
neurons from 5 mice) were analyzed using RM two-way ANOVA with
Sidak’s post-tests for multiple comparisons and the calculated rectifica-
tion indices compared using an unpaired ¢ test (Fig. 5E). For experiments
(Fig. 6B,C) examining the dependence of synaptic plasticity on
NMDARs (Naive: n = 8 cells from 3 mice; Incision: n = 10 cells from 4
mice) and Ca*"-permeable AMPARs (Naive: n = 8 cells from 4 mice;
Incision: #n = 10 cells from 4 mice), data were analyzed using the Fisher’s
exact test. All data are expressed as mean * SEM and analyzed using
Prism 8.0 software (GraphPad Software).

Results

Neonatal tissue damage dampens primary afferent drive to
GABAergic and putative glutamatergic neurons in the adult
mouse SDH

To evaluate the degree to which early-life injury modulates the
overall efficacy of primary afferent-evoked glutamatergic trans-
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mission onto mature GABAergic in-
terneurons, we obtained patch-clamp
recordings from lamina I-II Gad-GFP
neurons from adult mice that had under-
gone unilateral hindpaw incision at P3,
compared with naive littermate controls.
The area under the total (i.e., monosynap-
tic and polysynaptic) EPSCs was mea-
sured in response to increasing intensities
of dorsal root stimulation (Fig. 1A4). In ad-
dition, in light of the mounting evidence
that the mechanisms governing spinal no-
ciceptive processing and chronic pain can
vary between males and females (Sorge et
al., 2015; Megat et al., 2018; Moriarty et
al., 2019), we also determined the extent
to which the persistent effects of early tis-
sue injury depended on sex. Importantly,
P3 hindpaw incision significantly damp-
ened primary afferent excitatory drive to
Gad-GFP neurons in the mature SDH
(n = 12-15 neurons per group; F(; 44 =
5.175, p = 0.027 for Injury; RM three-way
ANOVA; Fig. 1B). Notably, there was no
statistically significant interaction be-
tween Injury and Sex (F(, 4 = 0.002,
p = 0.966), suggesting that neonatal inci-
sion modulates afferent input to spinal
GABAergic neurons similarly in males
and females. Furthermore, current-clamp
recordings from adult GABAergic neu-
rons (Fig. 1C) demonstrated that neonatal
surgical injury significantly reduced pri-
mary afferent-evoked action potential
discharge in this population compared
with naive littermate controls (n = 12—15
neurons per group, F(; 45y = 6.043, p =
0.018 for Injury; RM three-way ANOVA;
Fig. 1D) without a significant effect of sex
(F(1 48y = 0.010, p = 0.92 for interaction
between Injury and Sex). Collectively,
these data strongly suggest that the ability
of sensory afferents to excite inhibitory
interneurons in the adult SDH has been
persistently weakened by tissue damage
during early postnatal development. Given
the lack of observed sex differences, the re-
maining experiments were performed ex-
clusively in SDH neurons from female mice.

To determine the extent to which the reduction in primary
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Figure2. Neonatal hindpaw incision dampens primary afferent drive to putative glutamatergic neurons within the adult dorsal
horn. 4, Representative EPSCs (including both monosynaptic and polysynaptic components) evoked by dorsal root stimulation
(300 A at 100 s) in non-GFP neurons in the adult SDH from naive mice (top) or littermates receiving hindpaw incision at P3
(bottom). Note the different scale bars on the y-axis. B, Plot of area under the evoked EPSC (AUC) as a function of stimulus intensity,
demonstrating a significant reduction in overall glutamatergic transmission onto SDH neurons after early-life injury (n = 12-17
neurons per group; Injury: F; s5) = 6.562, p = 0.013; RM three-way ANOVA; *p << 0.05 compared with non-GFP Naive group,
Tukey's post-test for multiple comparisons) but no significant effect of cell type (Cell type X Injury interaction: F; 5, = 0.032,
p = 0.858). Data from the GFP populations correspond to the same data shown for females in Figure 18. C, Example of current-
clamp recordings from mature non-GFP SDH neurons from naive (top) or P3-incised (bottom) mice in response to dorsal root
stimulation (300 w.A at 100 ws). D, Neonatal surgical injury significantly reduced primary afferent-evoked action potential firing
in adult SDH neurons (n = 12-17 neurons per group; Injury: £, ) = 9.324, p = 0.004; RM three-way ANOVA; *p << 0.05 for
comparison between non-GFP Naive vs non-GFP Incision, #p < 0.05 compared with the GFP Incision group, Tukey's post-test),
regardless of Gad67 expression (Cell type X Injury interaction: f; 55 = 0.019, p = 0.890). Data from the GFP neurons correspond
to the same data shown for females in Figure 1D.

neurons (Fig. 2C) did not differ between the Gad-GFP and
non-GFP populations (F(, 55y = 0.019, p = 0.890 for the inter-

afferent drive after neonatal injury is restricted to GABAergic
interneurons within the SDH, the above experiments were re-
peated while recording from non-GFP neurons in laminae I-1I,
the vast majority of which (80—-90%) will correspond to glutama-
tergic neurons (Dougherty et al., 2009; Li and Baccei, 2011). Neo-
natal hindpaw incision also significantly dampened the total
primary afferent-evoked glutamatergic drive to mature non-GFP
dorsal horn neurons (Fig. 2A), because there was a significant
overall effect of Injury (n = 12-17 neurons per group; F(, 55 =
6.562, p = 0.013; RM three-way ANOVA) but no significant
interaction between Cell type and Injury (F(, sy = 0.032, p =
0.858; Fig. 2B). Similarly, the ability of neonatal incision to re-
duce afferent-evoked action potential discharge in adult SDH

action between Cell type and Injury; Fig. 2D), although there
was an overall effect of incision on SDH neuronal firing
(F(156) = 9.324, p = 0.004 for Injury). These data indicate that
tissue damage during early life evokes a widespread decrease in
sensory drive to multiple subtypes of neurons within the adult
dorsal horn. Nonetheless, the subsequent experiments fo-
cused on the Gad-GFP population to further explore the po-
tential circuit mechanisms underlying the reduced afferent
drive to spinal inhibitory interneurons in the aftermath of
neonatal injury.

The above injury-evoked decrease in total primary afferent
input to mature GABAergic neurons (Fig. 1B) could be explained
by changes occurring at afferent synapses onto Gad-GFP neu-
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Figure3. Neonatal surgical injury alters the pattern, but not efficacy, of monosynaptic primary afferent inputs to GABAergic neurons in the adult dorsal horn. 4, Example of a CAP recorded from

an adult mouse dorsal root in response to high-intensity electrical stimulation (300 A, 100 ws), illustrating Ac/AB, AS, and C fiber-mediated components (arrows). B, Representative monosyn-
aptic EPSCs observed in Gad-GFP dorsal horn neurons following repetitive dorsal root stimulation, that were classified as being mediated by A3 fibers (14 A stimulus at 20 Hz; Bi), high-threshold
(fibers (200 w.A at 2 Hz; Bii), low-threshold C-fibers (16 wA at 2 Hz; Biii) or a combination of AS-fibers and low-threshold C-fibers (50 A at 10 Hz; iv). The traces shown in Biii and Biv were
obtained from the same Gad-GFP neuron at different stimulus intensities. €, Surgical injury at P3 altered the overall pattern of monosynaptic sensory input to mature Gad-GFP dorsal horn neurons
(Naive: n = 68; P3 Incision: n = 74;p = 0.003; x  test). D, E, Early tissue damage did not change the mean amplitude of monosynaptic primary afferent-evoked EPSCs (Naive: n = 64; P3 Incision:
n = T71; p = 0.807; Mann—Whitney test; D) or the PPR (Naive: n = 9; P3 Incision: n = 13; f; ,,) = 0.127; p = 0.725; RM two-way ANOVA; E). Data from EPSCs evoked by low-threshold and

high-threshold primary afferents were pooled for these analyses.

rons, and/or alterations localized elsewhere along the polysynap-
tic pathways linking sensory neurons to inhibitory interneurons
within the SDH. Thus we next investigated the effects of neonatal
surgical injury on the pattern and strength of direct sensory input
to mature GABAergic SDH neurons. Guided by CAPs recorded
from the dorsal root at the end of each experiment (Fig. 3A),
monosynaptic EPSCs were classified into distinct primary affer-
ent subtypes (see Materials and Methods) based on their recruit-
ment threshold and onset latency (Fig. 3B). Early tissue injury
significantly altered the pattern of monosynaptic primary affer-
ent input to mature GABAergic neurons, with an increased prev-
alence of AB- and Ad-fiber input and a reduction in the
percentage of neurons receiving high-threshold C-fiber input
(Naive: n = 68 neurons sampled; P3 Incision: n = 74; p = 0.003;
X~ test; Fig. 3C). However, we observed no significant effects of
neonatal tissue damage on the mean amplitude of the afferent-
evoked monosynaptic EPSCs (Naive: 189.3 * 16.0 pA; n = 64; P3
Incision: 188.8 * 16.0 pA; n = 71; p = 0.807; Mann—Whitney
test; Fig. 3D) or the paired-pulse ratio (PPR) across a range of
interstimulus intervals (Naive: mean PPR = 0.43 *+ 0.01,n = 9;
P3 Incision: mean PPR = 0.48 = 0.05,n = 13; F( 40y = 0.127;p =
0.725; RM two-way ANOVA; Fig. 3E).

Early-life surgical injury modulates STDP at sensory synapses
onto adult spinal GABAergic neurons

Our previous work has demonstrated that neonatal surgical in-
jury facilitates t-LTP at primary afferent synapses onto adult lam-
ina I projection neurons (Li and Baccei, 2016). Nonetheless,
given recent work showing that the same pattern of primary af-
ferent stimulation that evokes LTP in projection neurons results
in long-term depression (LTD) in spinal GABAergic interneu-
rons (Kim et al., 2015), it is important to elucidate the potential
long-term consequences of early life injury for activity-de-
pendent plasticity at sensory synapses onto inhibitory interneu-
rons in the mature SDH. Therefore, we examined the effects of
pairing primary afferent stimulation with postsynaptic action poten-
tial discharge (at At = —10 ms; see Materials and Methods) on the
efficacy of afferent synapses onto Gad-GFP neurons (Fig. 4A). Strik-
ingly, although this STDP protocol uniformly evoked t-LTP in as-
cending projection neurons (7 of 7 neurons sampled; data not
shown), the majority of Gad-GFP neurons in lamina I-1I of the naive
SDH exhibited spike timing-dependent LTD (t-LTD) in response to
the same pairing protocol (Fig. 4 B, E), with very few cells exhibiting
measurable t-LTP (Fig. 4C, D, F, left). The polarity of the observed
STDP (i.e., t-LTD vs t-LTP) did not vary significantly across the
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Neonatal injury shifts the balance between spike timing-dependent LTD and LTP at sensory synapses onto GABAergic interneurons in the mature dorsal horn. A, Representative

current-clamp recording showing the administration of the STDP pairing protocol, in which an action potential was induced in the postsynaptic Gad-GFP neuron at a brief interval (At = —10ms)
after the arrival of a primary afferent-evoked EPSP (based on Li and Baccei, 2016). B, Example of monosynaptic primary afferent-evoked EPSCs recorded in a Gad-GFP dorsal horn neuron in response
todorsal root stimulation (14 A at 100 ws) before (black) and 20 min after (gray) the administration of the STDP pairing protocol (30 trials at 0.2 Hz), illustrating the induction of t-LTD. C, In another
Gad-GFP neuron, the same pairing protocol (with a 60 A, 100 s stimulus) enhanced the amplitude of the afferent-evoked EPSC, indicating the existence of t-LTP. D, E, Representative plots of
STDP (expressed as a percentage of baseline EPSC amplitude before pairing, where 100% indicates no change in synaptic efficacy) versus time for neurons exhibiting t-LTP (D) or t-LTD (E). Black bar
indicates the administration of the pairing protocol. F, Surgical injury at P3 significantly reduced the prevalence of t-LTD (Naive: 23 of 34 neurons; P3 Incision: 9 of 33 neurons; p = 0.0014; Fisher's
exact test), whereasitincreased the likelihood of t-LTP (Naive: 3 of 34 neurons; P3 Incision: 10 of 33 neurons; p = 0.033), at sensory synapses onto GABAergic neurons of the mature dorsal horn. G,
H, Meanwhile, the average magnitude of t-LTD (U = 66; p = 0.122; Mann—Whitney test; ) or t-LTP (U = 12; p = 0.692; Mann—Whitney test; H) was not significantly altered by early-life tissue
damage. /, Neonatal hindpaw incision altered the average magnitude of STDP across the overall population of Gad-GFP neurons sampled (Naive: n = 34; Incision: n = 33; U = 356; **p = 0.0097;

Mann—Whitney test).

different functional classes of primary afferent inputs (n = 9-21
neurons per group, p = 0.644, x? test; data not shown), and thus
data were pooled to analyze the effects of early-life tissue damage
on the plasticity of sensory synapses onto mature GABAergic
interneurons.

Importantly, neonatal surgical injury significantly altered
STDP at afferent synapses onto GABAergic neurons in the adult
SDH, because a significantly smaller percentage of Gad-GFP cells
showed t-LTD after P3 hindpaw incision compared with naive
littermate controls (Naive: 23 of 34 neurons; P3 Incision: 9 of 33
neurons; p = 0.0014; Fisher’s exact test; Fig. 4F). Nonetheless,
among the Gad-GFP neurons that exhibited t-LTD, the magni-
tude of synaptic depression was not significantly different be-
tween the naive and neonatally-injured groups (Naive: 76.2 *
2.9% of baseline, n = 23; P3 Incision: 66.3 * 6.3% of baseline,
n = 9; U = 66; p = 0.122; Mann—Whitney test; Fig. 4G).

Concomitant with the reduced overall prevalence of t-LTD, a
greater proportion of mature GABAergic neurons displayed
t-LTP in the aftermath of neonatal tissue damage (Naive: 3 of 34
neurons; P3 Incision: 10 of 33 neurons; p = 0.033; Fisher’s exact
test; Fig. 4F, right). The magnitude of t-LTP at afferent synapses
onto mature spinal GABAergic neurons appeared unaffected by
early injury (Naive: 131.8 = 12.8% of baseline; P3 Incision:
141.5 = 9.8% of baseline; U = 12; p = 0.692; Mann—Whitney
test; Fig. 4H ), although a greater sample size is needed to rigor-
ously investigate this issue. Across the overall population of Gad-
GFP neurons sampled (i.e., those exhibiting t-LTP, t-LTD, or no
change in synaptic efficacy), neonatal tissue damage significantly
influenced the net change in synaptic efficacy evoked by the cho-
sen STDP protocol (Naive: 86.0 = 3.7% of baseline, n = 34;
Incision: 103.4 = 6.1% of baseline, n = 33; U = 356; p = 0.0097;
Mann-Whitney test; Fig. 41).
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Figure 5.  Farly surgical incision increases the expression of Ca* -permeable AMPARs at
afferent synapses onto GABAergic interneurons in the adult dorsal horn. A, Examples of mono-
synaptic EPSCs evoked by dorsal root stimulation (150 A at 100 ws) before (black) and after
(gray) the bath application of the selective Ca** -permeable AMPAR antagonist IEM 1460 (10
um). B, Hindpaw incision at P3 resulted in a significant increase in the fraction of the monosyn-
aptic EPSC which was blocked by IEM 1460 (Naive: n = 8; Incision: n = 10; U = 13.5; *p =
0.016; Mann—Whitney test). , Representative monosynaptic EPSCs evoked by dorsal root stim-
ulation (16 A, 100 ws) from a variety of holding potentials ranging from —70to +40mV.D,
Plots of normalized EPSCamplitude as a function of holding potential for adult Gad-GFP neurons
sampled from naive or neonatally-injured mice, showing an increased degree of inward
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Neonatal injury increases the contribution of
Ca’"-permeable AMPARs at sensory synapses onto mature
GABAergic interneurons

Although prior work suggests that neonatal tissue damage can
increase the contribution of Ca*"-permeable AMPARSs to pri-
mary afferent transmission onto adult lamina I projection neu-
rons (Li and Baccei, 2016), the degree to which this also occurs at
sensory inputs to inhibitory interneurons within the mature dor-
sal horn remains unexplored. This issue was investigated using
two complementary approaches: (1) measuring the sensitivity of
afferent-evoked EPSCs to the selective Ca*-permeable AMPAR
antagonist IEM 1460 (Fig. 5A); and (2) examining the -V rela-
tionships of the evoked AMPAR currents (Fig. 5C,D), because
elevated expression of Ca*"-permeable AMPARSs is associated
with increased inward rectification (Bowie and Mayer, 1995; Do-
nevan and Rogawski, 1995). Neonatal surgical injury signifi-
cantly increased the sensitivity of the primary afferent-evoked
EPSCs to IEM 1460 (Naive: 8.19 = 3.28% inhibition by IEM
1460, n = 8; Incision: 22.06 £ 3.46%, n = 10; U = 13.5; p =
0.016; Mann—Whitney test; Fig. 5B). Similarly, the afferent-
evoked AMPAR currents recorded in mature GABAergic neu-
rons from neonatally-incised mice exhibited more inward
rectification compared with naive littermate controls (Naive: n =
12; Incision: n = 15; F(y 1,5 = 12.94; p = 0.0014; RM two-way
ANOVA; Fig. 5D), which was also evidenced by an increased
AMPAR rectification index (Naive: 1.13 * 0.05, n = 12; Incision:
1.42 = 0.07, n = 15; t = 3.12; p = 0.004; unpaired ¢ test; Fig. 5E).

Role of Ca’>*-permeable AMPARs and NMDARs in STDP
within spinal GABAergic neurons

Our recent work suggested that early-life injury unmasked a
novel role for Ca**-permeable AMPARs in the generation of
t-LTP at sensory synapses onto adult projection neurons, because
IEM 1460 prevented t-LTP in neonatally-incised mice but not in
naive littermate controls (Li and Baccei, 2016). Similarly, the
increased prevalence of t-LTP seen in mature GABAergic neu-
rons following neonatal surgical incision was not observed if the
pairing protocol was administered in the presence of IEM 1460
(Naive: 1 of 8 cells showing t-LTP; P3 Incision: 1 of 10 cells; p >
0.999; Fisher’s exact test; Fig. 6 A, B). Interestingly, in naive mice,
blocking NMDARs with AP5 significantly reduced the occur-
rence of t-LTD at sensory synapses onto GABAergic interneurons
(aCSF: 23 of 34 neurons; AP5: 1 of 8 neurons; p = 0.013; Fisher’s
exact test; Fig. 6C, left), with a corresponding increase in the
prevalence of t-LTP (aCSF: 3 of 34 neurons; AP5: 4 of 8 neurons;
p = 0.017; Fisher’s exact test; Fig. 6B, left). These results point to
distinct roles for Ca*" -permeable AMPARs and NMDARSs in the
regulation of activity-dependent synaptic plasticity at primary
afferent synapses onto inhibitory interneurons within the SDH
network.

Discussion

Although it is clear that neonatal tissue injuries can persistently
alter spinal nociceptive signaling, the striking cellular heteroge-
neity of the SDH emphasizes the need to better understand how
such injuries modulate the function of defined neuronal popula-

<«

rectification at sensory synapses onto Gad-GFP neurons following early-life tissue damage (Na-
ive:n = 12; Incision: n = 15; F; 1,5y = 12.94; p = 0.0014; RM two-way ANOVA; *p << 0.05,
*¥p < 0.01, Sidak’s multiple-comparison test). E, Neonatal incision also significantly elevated
the AMPAR rectification index at these synapses compared with naive littermate controls (Na-
ive:n = 12; Incision: n = 15; t = 3.12; **p = 0.004; unpaired t test).
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Figure 6. (a’"-permeable AMPARs and NMDARs requlate the polarity of spike timing-
dependent plasticity at sensory synapses onto mature spinal GABAergic neurons. 4, Ex-
amples of monosynaptic EPSCs evoked by dorsal root stimulation (150 wA at 100 gs) in an
adult Gad-GFP dorsal horn neuron before (black) and after (gray) the administration of the STDP
pairing protocol in the continued presence of [EM 1460 in the bath. The displayed EPSCs came
from the same neuron depicted in Figure 54. B, Theincreased prevalence of t-LTP normally seen
following neonatal tissue damage (white bars) was not observed if the STDP pairing protocol
was administered in the presence of IEM 1460 (black bars; p > 0.999; Fisher's exact test). C,
Bath application of the selective NMDAR antagonist AP5 (gray bars) significantly decreased the
prevalence of t-LTD in Gad-GFP dorsal horn neurons from naive mice (p = 0.013; Fisher's exact
test).

tions within the region. The present study demonstrates, for the
first time, that neonatal surgical incision modifies sensory input
to adult spinal GABAergic neurons. This was manifested by an
increased prevalence of monosynaptic A-fiber connections, ele-
vated expression of Ca**-permeable AMPARS, and a facilitation
of spike timing-dependent LTP, as previously observed in lamina
I projection neurons (PNs) after neonatal injury (Lietal., 2015; Li
and Baccei, 2016). However, neonatal tissue damage significantly
dampened primary afferent-evoked firing in mature GABAergic
interneurons (Fig. 1D), despite enhancing afferent drive to spino-
parabrachial neurons (Li et al,, 2015), suggesting that a partial
functional denervation of spinal inhibitory circuits occurs fol-
lowing noxious sensory experience during early life. Notably, a
similar effect was observed in putative glutamatergic interneu-
rons, suggesting that neonatal injury differentially shapes afferent
signaling onto local circuit neurons compared with ascending
PNGs.

Li and Baccei e Early Injury Modifies Spinal GABAergic Neurons

The decreased ability of sensory afferents to drive activity in
adult GABAergic neurons after neonatal incision likely reflects
both a lower intrinsic membrane excitability (Li and Baccei,
2014) and a reduction in total glutamatergic input (Fig. 1B).
Primary afferent input to this population is also weakened fol-
lowing adult nerve damage, although the underlying mechanisms
likely differ. Although adult nerve injury decreases glutamate re-
lease from primary afferents onto Gad-GFP neurons (Leitner et
al., 2013), we observed no effect of neonatal incision on the effi-
cacy of monosynaptic sensory inputs to mature GABAergic in-
terneurons (Fig. 3). Therefore, the observed decrease in overall
primary afferent-evoked glutamatergic transmission after early
injury (Fig. 1 B) may involve a weaker recruitment of polysynaptic
excitatory inputs to GABAergic interneurons. Interestingly, ma-
ture glutamatergic interneurons in the SDH also exhibited lower
intrinsic firing (Li and Baccei, 2014), and weaker primary afferent
input (Fig. 2B), after neonatal tissue damage, which could reduce
their contribution to such polysynaptic excitatory pathways. Al-
though the subpopulations of excitatory interneurons (Peirs and
Seal, 2016) influenced by neonatal injury remain unidentified,
the reduction in glutamatergic drive to SDH neurons was most
pronounced at high intensities of dorsal root stimulation (Figs.
1B, 2B), thus suggesting a potential effect of early injury on excit-
atory interneurons receiving extensive C-fiber input. Notably,
glutamatergic interneurons expressing somatostatin and calre-
tinin are prevalent in the SDH (Gutierrez-Mecinas et al., 2016,
2019) and strongly innervated by nociceptive afferents (Duan et
al., 2014; Smith et al., 2015). Recent strategies to elucidate the
transcriptional profile of select subtypes of spinal neurons
(Chamessian et al., 2018; Hiring et al., 2018) will facilitate the
exploration of potential molecular mechanisms underlying the
altered excitability of SDH interneurons after early injury.

Neonatal injury may modulate synaptic inhibition in the spi-
nal pain network in a pathway-specific manner, as descending
inhibition of SDH neurons is strengthened by early tissue damage
(Zhang et al., 2010; Walker et al., 2015). Meanwhile, the de-
creased sensory drive to mature GABAergic neurons could com-
promise lateral inhibition within the SDH, and thereby underlie
the prolonged expansion of peripheral receptive fields observed
in dorsal horn neurons following neonatal injury (Torsney and
Fitzgerald, 2003). It may also contribute to the “priming” of spi-
nal nociceptive circuits by early tissue damage, characterized by
an exacerbated degree of pain hypersensitivity following repeat
injury (Ren et al., 2004; Walker et al., 2009; Beggs et al., 2012).
Chemogenetic (Peirs et al., 2015; Christensen et al., 2016) or
optogenetic (Frangois etal., 2017; Samineni et al., 2017) strategies
could elucidate whether enhancing the activation of GABAergic
neurons in the adult SDH can reverse the behavioral manifesta-
tions of neonatal priming.

Inhibitory SDH interneurons can be classified into multiple
subpopulations based on their expression of neurochemical
markers such as galanin, neuronal nitric oxide synthase (nNOS),
neuropeptide Y (NPY) and parvalbumin (Tiong et al., 2011),
with galanin neurons showing the highest coexpression of the
opioid peptide dynorphin (Sardella et al., 2011; Boyle et al,,
2017). Different inhibitory circuits can regulate distinct aspects of
somatosensory processing, because ablation of mature interneu-
rons from the dynorphin or parvalbumin (PV) lineages produces
mechanical allodynia (Duan et al., 2014; Petitjean et al., 2015),
whereas lesioning spinal neurons from the NPY lineage evokes
chronicitch (Bourane et al., 2015). The Gad-GFP neurons exam-
ined in the present study represent a heterogeneous population
that includes cells expressing PV and nNOS as well as neurons
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that coexpress glycine (Heinke et al., 2004; Dougherty et al.,
2009). Therefore, it will be important to determine which sub-
types of spinal GABAergic interneurons are persistently modu-
lated by neonatal tissue injury.

It is tempting to speculate that the weaker afferent drive to
mature GABAergic interneurons after neonatal injury contrib-
utes to reduced feedforward inhibition of PNs (Li et al., 2015).
However, this is based on the assumption that the Gad-GFP neu-
rons, which represent ~63% of all GABAergic cells in the adult
SDH (Dougherty et al., 2009), include the neurons that directly
synapse onto PNs. Unfortunately, the subpopulations of GABAe-
rgic interneurons that establish monosynaptic connections onto
PNs have yet to be fully identified. GABAergic synapses express-
ing nNOS densely innervate giant lamina I PNs known as Wal-
deyer cells (Puskar et al., 2001; Polgar et al., 2008; Ganley et al.,
2015). Nonetheless, these neurons may represent a fairly small
percentage of overall PNs, because they rarely express NK1 recep-
tors (Puskar et al., 2001), whereas ~90% of lamina I PNs exhibit
NKIR immunoreactivity (Spike et al., 2003; Cameron et al.,
2015). It is important to determine whether neonatal injury re-
duces the efficacy of inhibitory synapses onto adult PNs, because
this would critically influence the overall strength of feedforward
inhibition within the SDH network.

In conjunction with our earlier investigation of STDP at sen-
sory synapses onto spino-parabrachial neurons (Li and Baccei,
2016), the current results provide evidence that activity-
dependent synaptic plasticity can occur in a cell-type-dependent
manner within spinal pain circuits. Whereas highly correlated
presynaptic and postsynaptic firing predominantly produced
t-LTD in adult GABAergic neurons under naive conditions (Fig.
4), this same STDP pairing protocol uniformly evokes t-LTP in
lamina I PNs. Notably, both forms of plasticity require NMDAR
activation, but only in naive mice (Fig. 6; Li and Baccei, 2016).
These findings are highly consistent with those obtained via te-
tanic stimulation of the dorsal root (Kim et al., 2015). Interest-
ingly, calcium imaging studies suggest that the mechanisms
underlying this cell-type-dependent synaptic plasticity may oc-
cur downstream of intracellular Ca*™ signaling, because PNs and
GABAergic neurons exhibited similar calcium transients in re-
sponse to primary afferent input (Kim et al., 2015), and may
involve the actions of reactive oxygen species (Bittar et al., 2017).

The distinct polarity of afferent-evoked STDP in GABAergic
SDH neurons versus PNs may also reflect differences in
G-protein-coupled receptor (GPCR) signaling, because the rela-
tive balance between G, and G; signaling clearly influences the
direction of STDP in other regions of the CNS, with the activation
of G,-mediated pathways converting t-LTD to t-LTP (Seol et al.,
2007; Zhang et al., 2009). While a similar influence of GPCR tone
on STDP has yet to be demonstrated in the spinal cord, it is
notable that LTP evoked by tetanic stimulation requires the acti-
vation of protein kinase A in the SDH (Yang et al., 2004;
Ruscheweyh et al., 2011). Because descending pathways from the
brain employ a host of GPCRs to modulate the excitability of
spinal nociceptive circuits (Millan, 2002), it is also possible that
these descending inputs help govern the polarity of activity-
dependent plasticity at sensory synapses in the SDH, as suggested
by prior studies in spinalized rats (Liu et al., 1998).

Neonatal tissue damage significantly increased the prevalence
of t-LTP at afferent synapses onto adult GABAergic interneurons
while decreasing the likelihood of t-LTD (Fig. 4F). A greater
susceptibility to t-LTP at these synapses could partially compen-
sate for the persistent reduction in sensory drive to Gad-GFP
neurons after early injury, in an attempt to restore neuronal firing
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toward a normal range. Such homeostatic responses have been
previously described in the mature brain, as manifested by a
lower threshold to evoke LTP and a higher magnitude of synaptic
potentiation (Félix-Oliveira et al., 2014). Homeostatic plasticity
is generally thought to occur globally across all synapses onto a
given neuron (Turrigiano et al., 1998; Thiagarajan et al., 2005),
although it has been observed at single synapses within the hip-
pocampus (Hou et al., 2008). It would thus be interesting to
determine whether other glutamatergic inputs to mature GABAer-
gic interneurons (such as those originating from excitatory SDH
interneurons) are also more prone to t-LTP after neonatal insult.
It will also be essential to examine additional pairing intervals to
gain a more complete picture of how early life injury shapes the
timing window for STDP at these synapses.

Collectively, the present results provide clear evidence that the
engagement of spinal inhibitory circuits by mature primary affer-
ents is diminished by neonatal tissue damage in both sexes, and
thereby identify new potential mechanisms that could link pedi-
atric pain to an increased vulnerability to chronic pain later in
life.
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