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Neonatal Injury Evokes Persistent Deficits in Dynorphin
Inhibitory Circuits within the Adult Mouse Superficial
Dorsal Horn
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Neonatal tissue damage induces long-term deficits in inhibitory synaptic transmission within the spinal superficial dorsal
horn (SDH) that include a reduction in primary afferent-evoked, feedforward inhibition onto adult projection neurons.
However, the subpopulations of mature GABAergic interneurons which are compromised by early-life injury have yet to be
identified. The present research illuminates the persistent effects of neonatal surgical injury on the function of inhibitory
SDH interneurons derived from the prodynorphin (DYN) lineage, a population that synapses directly onto lamina I spinopar-
abrachial neurons and is known to suppress mechanical pain and itch in adults. The results demonstrate that hindpaw inci-
sion at postnatal day 3 (P3) significantly decreased the strength of primary afferent-evoked glutamatergic drive onto DYN
neurons within the adult mouse SDH while increasing the appearance of afferent-evoked inhibition onto the same population.
Neonatal injury also dampened the intrinsic membrane excitability of mature DYN neurons, and reduced their action poten-
tial discharge in response to sensory input, compared with naive littermate controls. Furthermore, P3 incision decreased the
efficacy of inhibitory DYN synapses onto adult spinoparabrachial neurons, which reflected a prolonged reduction in the prob-
ability of GABA release. Collectively, the data suggest that early-life tissue damage may persistently constrain the ability of
spinal DYN interneurons to limit ascending nociceptive transmission to the adult brain. This is predicted to contribute to the
loss of feedforward inhibition onto mature projection neurons, and the “priming” of nociceptive circuits in the developing
spinal cord, following injuries during the neonatal period.
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Neonatal injury has lasting effects on pain processing in the adult CNS, including a reduction in feedforward inhibition onto
ascending projection neurons in the spinal dorsal horn. While it is clear that spinal GABAergic interneurons are comprised of
multiple subpopulations that play distinct roles in somatosensation, the identity of those interneurons which are compro-
mised by tissue damage during early life remains unknown. Here we document persistent deficits in spinal inhibitory circuits
involving dynorphin-lineage interneurons previously implicated in gating mechanical pain and itch. Notably, neonatal injury
reduced the strength of dynorphin-lineage inhibitory synapses onto mature lamina I spinoparabrachial neurons, a major out-
\put of the spinal nociceptive network, which could contribute to the priming of pain pathways by early tissue damage. /
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Introduction
Approximately 8% of all infants in the United States are admitted
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Goodman, 2015), where they are subjected to an average of 13-
15 invasive procedures each day, most of which are considered
painful (Simons et al., 2003). Neonatal injury has unique effects
on pain processing in both humans and rodents (Walker et al.,
2016), potentially because it occurs during a critical period when
somatosensory networks are still actively developing (Fitzgerald,
2005). Children previously admitted to the neonatal intensive
care unit display long-term increases in pain sensitivity in
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response to prolonged nociceptive stimulation compared with con-
trols (Hermann et al., 2006; Hohmeister et al., 2010). Meanwhile,
neonatal surgical injury predisposes adult rodents to increased
pain sensitivity (termed “priming”) when the same derma-
tome is reinjured later in life (Walker et al., 2009; Moriarty et
al., 2018, 2019), thereby providing a preclinical model system
to facilitate exploration of the neurobiological mechanisms by
which early-life tissue damage can evoke prolonged changes
in nociceptive processing.

The ability of neonatal tissue damage to prime pain sensitivity
could involve a persistent sensitization of nociceptive circuits in
the spinal superficial dorsal horn (SDH). Indeed, early-life injury
heightens glutamatergic signaling in the adult mouse SDH (Li et
al., 2015) and increases susceptibility to long-term potentiation
(LTP) at sensory synapses onto lamina I spinoparabrachial neu-
rons (Li and Baccei, 2016), which represent a key output of the
spinal pain network (Todd, 2010). In addition, neonatal injury
reduces the efficacy of local inhibitory neurotransmission in the
mature SDH (Li et al.,, 2013, 2015; Li and Baccei, 2019), which
includes a weakening of feedforward inhibition (FFI) onto
ascending projection neurons following primary afferent input
(Li et al.,, 2015). Elucidating the cellular and molecular mecha-
nisms underlying these deficits in synaptic inhibition is critical to
fully understand how neonatal trauma primes developing pain
pathways, since disinhibition in the spinal dorsal horn (DH)
clearly results in aberrant pain (Melzack and Wall, 1965; Duan et
al.,, 2014; Petitjean et al., 2015).

The DH contains multiple subpopulations of GABAergic
interneurons which regulate distinct, yet overlapping, somato-
sensory modalities (Bourane et al., 2015; Petitjean et al., 2015).
For example, interneurons characterized by the expression of
dynorphin (DYN) have been implicated in suppressing itch
(Kardon et al,, 2014; Huang et al.,, 2018) and mechanical pain
(Duan et al., 2014). Furthermore, DYN interneurons are highly
prevalent in the DH (Boyle et al, 2017) and synapse directly
onto lamina I projection neurons (Hachisuka et al., 2020). As a
result, it is possible that persistent deficits in the function of spi-
nal DYN circuits in the aftermath of neonatal tissue damage
could contribute to both the reduction in FFI onto adult spino-
parabrachial neurons (Li et al., 2015) and the exacerbation of me-
chanical pain hypersensitivity following subsequent injury, the
latter of which is a hallmark feature of neonatal priming (Walker
et al,, 2009, 2015). Unfortunately, the long-term consequences of
early tissue damage for the function of identified interneurons
within the spinal nociceptive network have yet to be explored.

Therefore, the present study investigated the effects of neona-
tal surgical injury on the functional properties of adult mouse
SDH interneurons derived from the DYN lineage, the vast ma-
jority of which are GABAergic (Duan et al,, 2014). We found
that hindpaw incision at postnatal day 3 (P3) compromised mul-
tiple components of a putative feedforward inhibitory pathway
linking peripheral sensory neurons to mature lamina I projection
neurons, by reducing primary afferent drive to the DYN popula-
tion, lowering intrinsic membrane excitability in DYN neurons,
and decreasing the strength of DYN inhibitory synapses onto
spinoparabrachial neurons. Collectively, these results identify,
for the first time, an inhibitory microcircuit within the adult
SDH that is persistently disrupted by neonatal tissue damage.

Materials and Methods

Animals

All experiments were performed in accordance with animal welfare
guidelines outlined by the Institutional Animal Care and Use Committee
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at the University of Cincinnati. To identify DYN-lineage interneurons via
fluorescence, we crossed Pdyn-IRES-Cre mice (DY. ¢ The Jackson
Laboratory; stock #027958), which express Cre recombinase from the
prodynorphin gene promoter, with Ai9 mice (The Jackson Laboratory;
stock #007909), which express a Cre recombinase-dependent tdTomato
(tdTOM) from the Rosa26 locus under control of the CAG promoter.
The resulting offspring will be referred to as DYNT™. To record inhibi-
tory DYN input to projection neurons, we used a cross between the
DYN"" and Ai32 mice (The Jackson Laboratory; stock #012569), which
express a Cre-dependent channelrhodopsin-2 (ChR2)-eYFP fusion pro-
tein from the Rosa26 locus. The resulting offspring will be referred to as
DYN“"R In order to genetically label putative DYN presynaptic termi-
nals, we crossed DYN®"™ and Ai34D mice (The Jackson Laboratory; stock
#012570), which express a Cre recombinase-dependent synaptophysin-
tdTOM fusion protein. The resulting offspring will be referred to as
DYNSPTOM

Adult (P49-P80) female mice were used in this study, as many
chronic pain conditions are more prevalent in women (LeResche, 1999).
However, a recent study found that neonatal injury reduced sensory
drive onto inhibitory interneurons in the adult mouse SDH to a similar
degree in males and females (Li and Baccei, 2019), suggesting that the
long-term changes in inhibitory SDH circuits may not be sex-dependent.
Finally, recent efforts to transcriptionally profile DYN interneurons in
the spinal DH throughout development found no significant sex differ-
ences in gene expression within this population (Serafin et al., 2019).

Hindpaw surgical injury

Mice were anesthetized with isoflurane (2%-3%) at P3, and a small inci-
sion was made through the skin and underlying muscle of the plantar
hindpaw as described previously (Brennan et al., 1996; Li et al., 2013).
The skin was immediately closed with 7-0 suture (Ethicon), and the
wound fully healed in <2 weeks.

Labeling lamina I projection neurons

To identify projection neurons for immunohistochemical and electro-
physiological experiments, mice were given unilateral injections of either
cholera toxin subunit B (CTB; 1%; Sigma Millipore) or FAST Dil oil
(2.5 mg/ml; Thermo Fisher Scientific), respectively. Mice were anesthe-
tized with a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg) in
sterile saline (0.9%), positioned in a stereotaxic apparatus, and secured
with nonrupture ear bars (World Precision Instruments). An incision
was made through the scalp to visualize both A and bregma. The follow-
ing coordinates (in cm relative to bregma) were used to target the para-
brachial nucleus, which is innervated by the majority of lamina I
projection neurons (Cameron et al, 2015): —0.47-0.49 rostrocaudal,
—0.12 mediolateral, and —0.40-0.42 dorsoventral based on an atlas of
the mouse brain (Paxinos and Franklin, 2012). A small hole was drilled
in the skull with an OmniDrill35 (World Precision Instruments) and the
retrograde tracer CTB (75 nl at 35 nl/min) or Dil (150 nl at 35 nl/min)
was injected into the parabrachial nucleus with a Hamilton syringe
(62RN; 2.5 ul; 33-gauge needle; Hamilton). After the injection, the skin
was closed using either Vetbond (3M) or Gluture (Zoetis), and mice
were returned to their home cage for ~1 week before endpoint electro-
physiological or immunohistochemical experiments.

Immunohistochemistry

DYN™M or DYN¥PTOM mice were deeply anesthetized with sodium
pentobarbital (Fatal-Plus, Vortech Pharmaceuticals), and 4% PFA in 0.1
M PB was used to transcardially perfuse the mice. The brain and spinal
cord lumbar enlargements were removed from the animal and fixed in
PFA for 4 h and then incubated in 30% sucrose (in 0.1 M phosphate
buffer) at ~4°C overnight or until the tissue sank. Sections were cut
(40 um) on a Leica cryostat and then washed in 0.01 M PBS followed by
incubation with blocking buffer (0.3% Triton X-100 and 10% donkey se-
rum; Sigma Millipore). Sections were incubated in a primary antibody
against the inhibitory neuron transcription factor Pax2 (1:500 dilution,
Thermo Fisher Scientific, #716000; RRID:AB_2533990) or in antibodies
against CTB (1:2000 dilution; List Biological, catalog #703, RRID:AB_
10013220) and the vesicular GABA transporter VGAT (1:2000 dilution;
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Synaptic Systems, catalog #131002, RRID:AB_887871) overnight at 4°C.
Sections were then washed in PBS and incubated in a species-specific
secondary antibody (AlexaFluor-488; Thermo Fisher Scientific, #A-
11008; RRID:AB_143165 and/or AlexaFluor-647; Thermo Fisher
Scientific #A-31573; RRID:AB_2536183) at a 1:500 dilution for 1 h at
room temperature.

To visualize Pax2 expression in DYN interneurons, the SDH was
imaged on a BX63 upright fluorescent microscope (Olympus) at 20—
40x; z-stack images were taken with a separation of 1 um. tdTOM-
and tdTOM/Pax2-expressing cells were counted in 6 sections from
each animal and analyzed with CellSens Dimension Desktop soft-
ware (Olympus).

To evaluate putative DYN presynaptic terminals apposed to projec-
tion neurons, images were captured on an inverted confocal microscope
(Nikon, A1 LUNA) using a 100X oil immersion lens. z-stack images
were sequentially scanned at an interval of 0.5 um. The surface area of
the cell was estimated by assuming the dendrites were cylindrical
(A=27rh + 277% where h = height and r = radius), and the soma to

(ab)m + (uc)l'6 +(bc)l'6

1/1.6
3 ) as described

previously (Todd et al., 2002). After a z-series of images captured the ma-
jority of the neuron and its dendritic arbor, boutons containing tdTOM
(corresponding to the terminals of DYN-lineage neurons) and/or VGAT
(corresponding to inhibitory terminals) were counted in each image if the
terminals were directly apposed to the dendrites or soma of the CTB-la-
beled projection neuron, similar to the approach we previously used to
quantify putative inhibitory synaptic contacts onto lamina I spinoparabra-
chial neurons (Li et al., 2015). The number of tdTOM ™ and tdTOM "/
VGAT™" boutons are presented as the number of contacts per 1000 um?
area of the projection neuron. Presumed contacts were only quantified in
areas where the projection neuron membrane could be clearly outlined.
Images were analyzed using Nikon Elements and Image]/Fiji software,
and both Inkscape and GraphPad Prism (version 8; GraphPad Software)
were used to create the figures.

have an ellipsoid shape with A = 477'(

Spinal cord slice preparation

All solutions that contacted live tissue were bubbled with carbogen (95%
oxygen, 5% carbon dioxide). Mice were deeply anesthetized using sodium
pentobarbital (Fatal-Plus; Vortech Pharmaceuticals) and transcardially
perfused with ice-cold sucrose-substituted artificial cerebrospinal fluid
(dissection solution; containing the following, in mM: 250 sucrose, 2.5
KCl, 25 NaHCO;, 1.0 NaH,PO,4, 6 MgCl,, 0.5 CaCl,, and 25 glucose).
The vertebral column was removed, submerged in ice-cold dissection so-
lution, and the spinal cord isolated. The dura and pia mater were stripped
from the spinal cord. Dorsal roots were removed from the spinal cord,
with the exception of experiments involving the analysis of sensory inner-
vation to DYN interneurons in which the L3 and L4 roots were left intact.
The spinal cord was submerged in warm 3% low-melting point agarose
(Invitrogen) dissolved in dissection solution and chilled to solidify.
Parasagittal slices (250-400 um) were cut in ice-cold dissection solution
on a vibrating microtome (7000smz-2; Campden Instruments). Then sli-
ces recovered at room temperature for 15-20 min in a solution containing
the following (in mM): 92 NMDG, 2.5 KCl, 1.2 NaH,PO,, 30 NaHCO;,
20 HEPES, 25 glucose, 5 Na ascorbate, 2 thiourea, 3 Na pyruvate, 10
MgSO,, and 0.5 CaCl, (Ting et al.,, 2014). After recovering, slices were
transferred to artificial cerebrospinal fluid (aCSF; composed of the follow-
ing, in mM: 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.0 NaH,PO,, 1.0 MgCl,, 2.0
CaCl,, and 25 glucose) to incubate at room temperature until recording.

Patch-clamp recordings

Slices were transferred to a submersion chamber (RC-22; Warner
Instruments) after incubation, then secured with an anchor, and placed
on the stage of an upright microscope (BX51WT; Olympus). Slices were
constantly perfused with oxygenated aCSF at room temperature during
recordings. DYN interneurons in laminae I-II were identified via
tdTOM fluorescence and projection neurons via Dil fluorescence, and
both were visualized for patch-clamp recording via infrared LED illumi-
nation. Thin-walled single-filament borosilicate glass (1.5 mm diameter,
World Precision Instruments) was used for patch pipettes, which were
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created in a microelectrode puller (P-97; Sutter Instruments). The resist-
ance of patch pipettes was 3-7 M(), with a minimum seal resistance of 1
G() obtained before entering whole-cell mode. A Multiclamp 700B am-
plifier (Molecular Devices) and Digidata 1440A digitizer were used with
pClamp 10.4 software (Molecular Devices) to acquire recordings. Liquid
junction potential was accounted for (—14mV), which was calculated
using JPCalc software (P. Barry, University of New South Wales, Sydney,
Australia; modified for Molecular Devices). A 4kHz low-pass Bessel fil-
ter and 10 kHz sampling rate were used when acquiring recordings.

To characterize the pattern of primary afferent input to DYN inter-
neurons, as well as their intrinsic membrane excitability, a K" gluco-
nate-based intracellular solution was used (composed of the following,
in mM: 130 K-gluconate, 10 KCl, 10 HEPES, 10 Na-phosphocreatine,
0.3 Na,-GTP, and 2 MgATP, pH 7.2, 295-305 mOsm). All measure-
ments of the intrinsic membrane excitability of DYN interneurons were
performed in current clamp. Intrinsic action potential (AP) discharge
was evoked from the resting membrane potential via intracellular current
injections (—20-130 pA in 10 pA steps, 800 ms duration). Instantaneous
firing frequency was calculated (in Hz) as 1/mean interspike interval.
Rheobase was measured as the minimum current step (delivered in 2.5 pA
increments at 50 ms duration) that evoked an AP.

For all recordings involving primary afferent input, the dorsal root
(L3 or L4) was stimulated via a suction electrode using a constant cur-
rent stimulator (Master-8; A.M.P.1.) with a stimulus isolation unit (ISO-
Flex; AM.P.I.). DYN neurons were held at —70 mV in voltage clamp, or
recorded from their resting membrane potential in current clamp, and
the L3 or L4 dorsal root (7-10 mm in length) was stimulated via a suc-
tion electrode at 10 incrementally increasing intensities (0, 10, 20, 30, 50,
100, 150, 300, 500 1A, and 1 mA; 100 us duration; 0.1 Hz). The thresh-
old to evoke an excitatory postsynaptic current (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
AP fibers, Ad fibers, low-threshold C fibers, or high-threshold C fibers,
guided by information subsequently gained from compound APs
recorded from the dorsal roots, as described previously (Li et al., 2015).
EPSCs mediated by AB fibers were classified as monosynaptic based on
their ability to follow repetitive stimulation (20 Hz) with a constant la-
tency and absence of failures, whereas Ad fiber- and C fiber-mediated
EPSCs were considered monosynaptic if no failures were observed dur-
ing 2and 1Hz stimulation, respectively (Torsney and MacDermott,
2006). To record the compound APs, the dorsal root was severed near
the entry zone at the end of the experiment and placed into two suction
electrodes for stimulation and recording, and compound APs were gen-
erated via incremental stimulation (0-1 mA, 100 us duration) of the dor-
sal root fibers. Importantly, we have previously shown that neonatal
incision fails to alter the recruitment thresholds or conduction velocities
of adult dorsal root fibers (Li et al., 2015).

The occurrence of FFI in DYN neurons was first determined in volt-
age clamp (from a holding potential of —60mV) by the appearance of
an outward component of the overall postsynaptic current evoked by
primary afferent stimulation. Next, the dorsal root was stimulated at
increasing intensities (10 uA to 1 mA) in the current-clamp configuration
to determine whether AP discharge occurred in the sampled neuron. AP
firing was quantified as the number of APs discharged in a 1 s period fol-
lowing dorsal root stimulation. In separate experiments, inhibitory post-
synaptic currents (IPSCs) were evoked in DYN neurons by dorsal root
stimulation from a holding potential of 0 mV using an intracellular solu-
tion containing the following (in mM): 130 Cs-gluconate, 10 CsCl, 10
HEPES, 11 EGTA, 1 CaCl,, and 2 MgATP, pH 7.2 (295-305 mOsm).

To measure inhibitory DYN input to projection neurons, spinal cord
slices were prepared from DYN"® mice as described above and patch-
clamp recordings obtained from Dil-labeled lamina I projection neurons
using an intracellular Cs-gluconate solution as described above. First,
projection neurons were voltage clamped at —70 mV, and blue light was
applied (470nm, 10 ms; CoolLED) to the portion of the spinal cord
preparation that fell within the visual field using the 40x objective on
the microscope, to confirm a lack of ChR2 expression in the recorded
projection neuron. Next, antagonists for AMPA (NBQX, 10 um) and


https://scicrunch.org/resolver/AB_887871
https://scicrunch.org/resolver/AB_143165
https://scicrunch.org/resolver/AB_2536183

Brewer, Lietal.  Neonatal Injury Weakens Spinal Dynorphin Networks

NMDA receptors (AP5, 20 um) were administered via the bath to isolate
IPSCs. Projection neurons were then voltage-clamped at 0mV, and
IPSCs were evoked by stimulating DYN neurons via blue light (470 nm,
10ms). To investigate the properties of presynaptic neurotransmitter
release from DYN interneurons, the coefficient of variation was meas-
ured by delivering 30 light pulses at 0.1 Hz and calculating the SD/mean
amplitude of the DYN-evoked IPSCs. The paired-pulse ratio (PPR) was
calculated as the mean amplitude of IPSC2/mean amplitude of IPSC1 af-
ter delivering two identical pulses of light at an interval of 75ms (for 5
trials).

Clustering analysis

Unbiased clustering analysis based on intrinsic membrane properties
was conducted on a dataset composed of recordings obtained from
laminae I-II neurons from adult Gad67-EGFP mice (The Jackson
Laboratory, stock #003718), which were sampled as part of a prior
study (Li and Baccei, 2014), pooled with the current recordings from
adult DYN™®™ mice. In both studies, cells were recorded from mice
which had either incision or isoflurane exposure only (as a control) at
P3. The electrophysiological features used for this analysis were mem-
brane capacitance, resting membrane potential, membrane resistance,
and rheobase. All features were centered and scaled (i.e., z-scored)
before analysis. Each cell was treated as one observation with each of
the above specified features as a variable.

Principal component analysis was conducted in R using base func-
tion prcomp() and package factoextra (Kassambara and Mundt, 2019).
k-means clustering was conducted using R packages factoextra and clus-
ter (Maechler et al, 2018). Using the Silhouette method (Rousseeuw,
1987) with Euclidean distance metric, the optimal number of clusters
was determined to be 4. Therefore, k-means clustering using Euclidean
distance was conducted using the k-means function with centers =4 and
nstart = 25.

Experimental design and statistical analysis

The immunohistochemical data shown in Figure 1B were taken from 6
adult mice (3 naive and 3 with neonatal incision) with 6 sections used
from each mouse, and the percent of Pax2/DYN-tdTOM colocalization
was analyzed with a repeated-measures two-way ANOVA with the fac-
tors neonatal injury X side of the spinal cord respective to the injury, fol-
lowed by Sidak’s multiple comparisons test to determine individual
group differences.

The repetitive firing frequency dataset (see Fig. 2B) includes 13 neu-
rons taken from 2 naive adult mice and 12 neurons taken from 2 neona-
tally incised adult mice, and was analyzed with a repeated-measures
two-way ANOVA (factors: neonatal injury X stimulus intensity as the
repeated measure) followed by Sidak’s multiple comparisons test. The
resting membrane potential measurements (see Fig. 2C) were taken
from 22 neurons in 3 naive mice and 26 neurons in 3 neonatally injured
mice; these data were analyzed with a nested unpaired ¢ test. The experi-
ments illustrated in Figure 2D involved measuring membrane resistance
from 21 neurons from 3 naive mice and 24 neurons from 3 mice with P3
incision, and data were analyzed with a nested unpaired ¢ test (after
transforming the data). Rheobase (see Fig. 2E) was measured in 17 neu-
rons taken from 2 mice in each group, and the data were analyzed with a
nested unpaired ¢ test (after transforming the data).

Experiments designed to characterize primary afferent-evoked gluta-
matergic drive to DYN interneurons involved 37 neurons sampled from
9 naive mice and 26 neurons recorded from 8 neonatally incised mice,
which were used to classify the pattern of primary afferent input (see
Fig. 3B). In Figure 3C, 24 cells were used from 4 naive mice and 18 cells
were taken from 3 neonatally incised mice. Because of missing values at
a single stimulus intensity (1000 nA) in 3 cells from the naive group,
these data were analyzed with a mixed-effects model (factors: injury x
stimulus intensity as the repeated measure) followed by Sidak’s post hoc
test to determine individual group differences. The amplitude of mono-
synaptic primary afferent input was measured in 33 neurons taken from
9 naive mice and 27 neurons taken from 8 mice with P3 incision and an-
alyzed with the Mann-Whitney test.
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Figure 1. DYN“® predominantly marks inhibitory neurons in the adult DH regardless of
neonatal incision. A, Example of the distribution of the inhibitory neuron marker Pax2
(green) and DYN-tdTOM (magenta) in the adult mouse DH. Scale bar, 50 um. B,
Colocalization analysis revealed no significant effect of neonatal incision on the percentage of
spinal DYN-tdTOM intemeurons that exhibit an inhibitory phenotype (n=18 sections;
Fa3a =091, p=0235 for injury, repeated-measures two-way ANOVA).

To evaluate the appearance of FFI onto DYN interneurons near their
resting membrane potential (see Fig. 4C), 44 neurons from 7 naive mice
and 33 neurons from 6 neonatally incised mice were used, and the
Fisher’s exact test was used to detect a difference in the distributions. To
evaluate the relationship between FFI and AP firing in DYN interneur-
ons (see Fig. 4D), 26 neurons from 3 naive mice and 19 neurons from 3
neonatally incised mice were used, and data were analyzed with a
Fisher’s exact test. Finally, as a more direct measure of FFI, primary
afferent-evoked IPSCs were recorded at a holding potential of 0mV in
18 neurons from 4 naive adult mice and 14 neurons from 3 adult mice
with P3 incision.

In the analysis of dorsal root-evoked firing in adult DYN inter-
neurons (see Fig. 5B), there were 24 cells sampled from 4 naive mice
and 18 cells recorded from 3 neonatally incised mice. Because of
missing values at a single stimulus intensity (1000 nA) in 3 cells
from the naive group, data were analyzed with a mixed-effects
model (factors: P3 incision x stimulus intensity as the repeated
measure) followed by Sidak’s multiple comparisons test to deter-
mine differences between individual groups.
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Neonatal incision reduces the intrinsic excitability of adult DYN interneurons. A, Representative traces of intrinsic firing in DYN interneurons. Within the tonic firing group (top), fir-

ing is more frequent in naive (left) versus neonatally incised mice (right). Calibration, A-E: 20 mV, 100 ms. B, Plot of repetitive firing frequency as a function of stimulus intensity revealing a
lower intrinsic firing frequency in DYN interneurons from adult mice with prior neonatal incision (naive: n = 13 neurons; incision: n = 12; F13 599) = 5296, p << 0.0001 for injury x stimulus in-
tensity, repeated-measures two-way ANOVA). *p << 0.05; **p << 0.01; Sidak's multiple comparisons test. ¢, DYN interneurons sampled from adult mice with prior neonatal incision display a
more hyperpolarized resting potential compared with naive littermate controls (naive: n = 22 neurons; incision: n = 26; t = 3.15; **p = 0.0029; nested unpaired ¢ test). D, Membrane resistance
in mature DYN interneurons is significantly reduced by prior neonatal incision (naive: n = 21; incision: n = 24; t = 2.32; *p = 0.025; nested unpaired ¢ test). E, Neonatal incision also increases
the mean rheobase in adult DYN interneurons (n = 17 neurons in each group; t = 2.88; **p = 0.007; nested unpaired ¢ test).

Experiments evaluating the DYN synaptic input to adult projection
neurons (see Fig. 6) consisted of 20 projection neurons in each group
(from 10 naive mice and 7 mice with P3 incision). IPSC amplitudes (see
Fig. 6B) were analyzed with a nested unpaired ¢ test (after transforming
the data), whereas the coefficient of variation data (see Fig. 6C) and
PPRs (see Fig. 6D) were analyzed with nested unpaired ¢ tests.

To anatomically examine the number of putative DYN contacts onto
projection neurons (see Fig. 7), we analyzed 9 adult projection neurons
from 3 naive mice and 12 neurons from 4 neonatally incised mice. The
data were separated into inhibitory and presumed excitatory DYN bou-
tons in apposition to either the dendrites or soma of the projection

neurons, and analyzed via nested unpaired ¢ tests in the absence (see Fig.
7B, right, C) or presence (see Fig. 7B, left) of data transformation into a
normal distribution.

The clustering analysis shown in Figure 84, B, used a total of 85 neu-
rons distributed across the following experimental groups: Gad-GFP
naive, n=25 cells from 3 female Gad67-EGFP mice; Gad-GFP incision,
n=26 cells from 3 female Gad67-EGFP mice; DYN naive, n=17 cells
from 3 DYN" mice; and DYN incision, =17 cells from 3 DYN"?"
mice. Comparison of each electrophysiological feature between the dif-
ferent clusters was conducted using the Kruskal-Wallis test. Meanwhile,
to statistically compare the effects of neonatal incision on primary
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Neonatal injury weakens primary afferent-evoked glutamatergic drive to DYN interneurons in adulthood. A, Representative traces of dorsal root-evoked EPSCs in

DYN-tdTOM neurons from naive mice (top; gray triangle represents stimulus onset in all panels), which are reduced by early-life tissue damage (bottom). B, There was no obvious
difference in the types of monosynaptic primary afferent input received by adult DYN interneurons in naive versus neonatally incised littermates (naive: n =37 neurons; P3 inci-
sion: n =26 neurons). C, Total afferent-evoked glutamatergic drive to adult DYN interneurons was significantly diminished by neonatal injury (naive: n = 24; incision: n=18;
Fio,355 = 25.33, p << 0.0001 for injury x stimulus intensity, mixed-effects model), with a lower EPSC area under the curve (AUC) in mice that underwent P3 incision. *p << 0.05;

Sidak’s multiple comparisons test.

afferent-evoked glutamatergic input (see Fig. 8C) and AP discharge (see
Fig. 8D) in DYN neurons to those effects seen across the wider
GABAergic population, we included previously collected data from
15 GABAergic (i.e, Gad67-GFP) neurons from naive mice and 12
GABAergic neurons from neonatally incised mice (Li and Baccei, 2019)
and compared these results with the present data obtained from DYN-
tdTOM neurons (see Figs. 3C, 5B) using mixed-effects models.

All data, including those illustrated in the figures, are expressed as
mean = SEM unless otherwise stated.

Results

Early-life injury lowers the intrinsic excitability of spinal
DYN interneurons in adulthood

While neonatal tissue damage reduces the intrinsic excitability of
GABAergic interneurons in the adult mouse SDH (Li and
Baccei, 2014), it is unclear which subpopulations of inhibitory
neurons are persistently affected by surgical injury during early
life. Accordingly, we evaluated the intrinsic membrane proper-
ties of mature DYN interneurons after P3 incision. Previous data
demonstrate that DYN-lineage neurons in the DH (identified via
Cre recombinase-mediated tdTOM expression in DYN'OM
mice) are predominantly inhibitory interneurons, as defined by
extensive coexpression of GAD67 (Duan et al, 2014) or Pax2
(C.LB., L. Styczynski, E.K.S., M.L.B., unpublished observations;
Serafin et al., 2019), the latter of which is present in all inhibitory
neurons in the DH (Larsson, 2017). Furthermore, a significant
depletion of TIx3, which specifies a glutamatergic fate in the DH
(Cheng et al., 2004), was observed in spinal DYN-lineage cells
(Serafin et al., 2019).

Nonetheless, since a phenotypic shift in the pattern of DYN
expression within the developing SDH after neonatal injury
could complicate the interpretation of the below experiments, we
first investigated the effect of P3 hindpaw incision on the extent

of tdTOM/Pax2 colocalization in the adult mouse SDH (Fig.
1A). Consistent with our previous findings, the majority
(~80%) of DYN-tdTOM neurons in the mature SDH expressed
Pax2 (Fig. 1B). More importantly, we found a similar expression
of Pax2 within DYN-lineage neurons in neonatally injured
mice compared with naive littermate controls (n = 18 sections;
F,32) = 0.91, p=0.35 for the main effect of injury, repeated-
measures two-way ANOVA; Fig. 1B). Collectively, these
results validate the use of DYN“" mice to visualize a subset of
GABAergic SDH interneurons under normal or pathologic
conditions.

We next analyzed the firing pattern of adult DYN interneur-
ons (Fig. 2A) and found that the majority were tonic firing
(~75%) with no significant differences in the distribution of fir-
ing patterns between naive and neonatally incised mice (data not
shown). However, tonic-firing DYN interneurons displayed a
lower firing frequency after P3 hindpaw incision compared with
naive littermate controls (naive: n =13 neurons; incision: n =12;
F13299) = 5.296, p<<0.0001 for injury X stimulus intensity,
repeated-measures two-way ANOVA; Fig. 2B). Additionally,
DYN interneurons from adult mice with prior neonatal inci-
sion displayed significantly more hyperpolarized resting mem-
brane potentials (naive: —75.8 £ 0.9 mV, n=22; incision: —79.9 *
0.9mV, n=26; t=3.15; p = 0.0029; nested unpaired ¢ test; Fig. 2C).
Finally, neonatal incision lowered the membrane resistance
of adult DYN interneurons (naive: n=21; incision: n=24;
t=2.32; p=0.025; nested unpaired ¢ test; Fig. 2D), which may
have resulted in the long-term increase in rheobase observed
after early surgical injury (n=17 neurons in each group;
t=2.88; p=0.007; nested unpaired ¢ test; Fig. 2E). Collectively,
these results suggest that neonatal injury persistently reduces
the intrinsic excitability of a sizeable population of adult SDH
interneurons that are mostly inhibitory in nature.
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Figure 4. Altered synaptic integration within mature spinal DYN interneurons after early surgical injury. A, Representative synaptic currents (top; from a holding potential of
—60mV) and corresponding AP discharge (bottom) evoked by dorsal root stimulation (100 wA, 100 ws) in an adult DYN-tdTOM DH neuron from a naive mouse, which lacks evi-
dence of FFI (No FFI; black arrow). Gray triangle represents stimulus onset in all panels. B, Representative voltage-clamp (top; from a holding potential of —60 mV) and current-
clamp (bottom) traces illustrating evidence of FFI (top, black arrow) and a corresponding absence of AP firing (bottom) following dorsal root stimulation (300 wA, 100 us) in a
mature DYN interneuron after P3 incision. Bottom, FFI appears as a hyperpolarizing inhibitory postsynaptic potential (IPSP) that precedes a larger depolarizing excitatory postsy-
naptic potential (EPSP). C, The appearance of FFl in adult DYN interneurons is significantly more frequent after neonatal incision (right; naive: n = 44 neurons; incision: n = 33;
p=10.012; Fisher's exact test). D, Primary afferent-evoked AP discharge was significantly less common in those DYN interneurons with measurable FFI (left) compared with DYN
interneurons without signs of FFI (right; n = 21-24 neurons; Fisher’s exact test, p << 0.0001).

Long-term reduction in the ability of sensory afferents to
drive activity in spinal DYN interneurons after neonatal
incision

To determine whether the functional denervation of GABAergic
interneurons in the adult mouse SDH following neonatal inci-
sion (Li and Baccei, 2019) includes a reduction in sensory drive
to the DYN neuronal population, we examined the effects of P3
incision on primary afferent-evoked synaptic transmission and
AP firing in mature DYN-tdTOM neurons. First, EPSCs were
evoked in DYN-tdTOM neurons via electrical stimulation of the
attached dorsal root in naive (Fig. 3A, top) and neonatally incised
mice (Fig. 3A, bottom). The types of monosynaptic primary
afferent input received by adult DYN interneurons did not sig-
nificantly change after early-life injury (naive: n = 37 neurons; P3
incision: n =26 neurons; Fig. 3B). Notably, A fiber inputs were
the most prevalent in both experimental groups, which is in gen-
eral agreement with previous observations that a considerable
proportion (~27%) of DYN interneurons in laminae [-II,¢, of
the mature mouse SDH receive direct synaptic input from A

fibers (Duan et al., 2014). Furthermore, the mean amplitude of
the monosynaptic EPSCs was unaffected by neonatal incision
(naive: 210.2 * 28.7 pA, n=33; incision: 242.1 * 62.6 pA, n=27;
U=401, p=0.51, Mann-Whitney test; data not shown). However,
the overall afferent-evoked (i.e., both monosynaptic and polysy-
naptic) glutamatergic input to DYN interneurons is markedly
reduced in adulthood when preceded by neonatal incision
(naive: n =24; incision: n=18; F(9 355 = 25.33, p <0.0001 for
injury x stimulus intensity, mixed-effects model; Fig. 3C).
Collectively, these data suggest that the attenuated sensory
drive to mature DYN interneurons might predominantly
reflect weaker recruitment of polysynaptic excitatory path-
ways after early injury.

Whether an individual DYN neuron will be activated by sen-
sory input is governed by how the above excitatory synaptic con-
ductances are integrated with inhibitory signals at membrane
potentials near the AP threshold. Indeed, inhibitory interneurons
within the CNS can form reciprocal connections or silence other
inhibitory subpopulations (Pfeffer et al., 2013; Xu et al., 2013;
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Figure 5. Neonatal tissue damage persistently reduces sensory-evoked output of spinal
DYN interneurons. A, Representative current-clamp traces demonstrating dorsal root-evoked
AP firing in adult DYN neurons from naive mice (left) and mice with prior neonatal incision
(right). B, Plot of AP discharge versus intensity of dorsal root stimulation revealed reduced
afferent-evoked firing in DYN-tdTOM neurons following surgical injury at P3 (naive: n=24;
incision: n=18; Fig357 = 5.47; p<<0.0001 for injury X stimulus intensity, mixed-effects
model). *p << 0.05; **p << 0.01; Sidak’s multiple comparisons test.
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Roux and Buzsaki, 2015), which can ultimately lead to disinhibi-
tion in a neural network. As a result, we next investigated the
degree to which P3 incision modulated the integration of pri-
mary-afferent evoked synaptic inputs within mature DYN-
tdTOM neurons near their resting membrane potential, as well
as the relationship between the appearance of afferent-evoked
FFI in this neuronal population and their ability to discharge
APs. The presence of FFI was determined in the voltage-clamp
mode by the appearance of an outward component of the overall
postsynaptic current evoked by dorsal root stimulation from a
holding potential of —60mV (Fig. 44,B, top). Importantly, FFI
was more likely to be observed in DYN-tdTOM neurons from
adult mice with prior neonatal incision (P3 incision: 24 of 33
neurons) compared with naive littermate controls (naive: 19 of
44 neurons; p =0.012, Fisher’s exact test; Fig. 4C). Furthermore,
current-clamp recordings from the same neurons showed that
DYN interneurons exhibiting FFI were significantly less likely to
fire APs in response to primary afferent input across the range
of stimulus intensities examined (AP discharge with FFI: 6 of
24 neurons; AP discharge without FFI: 20 of 21 neurons;
p <<0.0001, Fisher’s exact test; Fig. 4D).

However, it should be noted that these experiments do not
reflect a direct measure of feedforward synaptic inhibition onto
DYN neurons. Indeed, the increased appearance of FFI (Fig. 4C)
might solely reflect the significant reduction in primary afferent-
evoked glutamatergic drive to this population after early injury
(Fig. 3C), which would unmask many IPSCs within the overall
synaptic response. To address this issue further, in separate
experiments, we isolated primary afferent-evoked IPSCs using a
holding potential of 0mV (i.e, at the reversal potential for

EPSCs) in adult DYN neurons from
naive or P3-incised mice as a more
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Figure 6. Inhibition of spinal projection neurons by DYN interneurons is persistently compromised by neonatal incision. A, (Fig. 2), we hypothesized that neonatal

Examples of IPSCs recorded in a lamina | spinoparabrachial neuron from naive (top) and neonatally incised (bottom) mice in
response to the optogenetic stimulation of spinal DYN neurons. B, The mean amplitude of DYN-evoked IPSCs in adult projection
neurons is significantly decreased by neonatal incision (n=20 projection neurons in each group; t=2.32; *p =0.035; nested
unpaired ¢ test). €, The IPSCs also displayed a higher mean coefficient of variation after neonatal incision (n=20 per group;
t=2.77; *p=0.014; nested unpaired t test), suggesting a lower probability of GABA release and/or reduced number of transmit-
ter release sites at DYN inhibitory synapses onto mature projection neurons. D, An increase in the PPR of DYN-evoked IPSCs in
projection neurons was also observed following P3 hindpaw incision, suggesting a lower probability of GABA release from the
presynaptic terminals of inhibitory DYN interneurons in the aftermath of neonatal tissue damage (n=20 neurons per group;

t=2.34; *p =0.034; nested unpaired t test).

injury would decrease primary afferent-
driven AP firing in this population.
Indeed, P3 incision significantly reduced
afferent-evoked AP discharge in adult
DYN interneurons (naive: n=24; inci-
sion: n=18; Fo3s7 = 547, p<0.0001
for injury x stimulus intensity, mixed-
effects model; Fig. 5). These results
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suggest that neonatal tissue damage
reduces the activation of mature DYN
neurons in response to sensory input,
likely affecting the ability of these
interneurons to inhibit downstream
somatosensory circuits in a feedfor-
ward manner.

DYN inhibitory synapses onto
projection neurons are persistently
weakened by neonatal injury

After finding long-term deficits in
the primary afferent-evoked out-
put of DYN interneurons following
neonatal tissue injury, we next
sought to determine whether critical
downstream targets of DYN inhibi-
tory neurons were also affected.
Identifying potential alterations in
the modulation of lamina I projec-
tion neurons is critical, given the
importance of these neurons for
somatosensation and persistent pain
(Kauppila, 1997; Mantyh et al., 1997;
Nichols et al., 1999). DYN interneur-
ons form inhibitory synapses, which
are primarily GABAergic, directly
onto projection neurons (C.L.B., L.
Styczynski, E.K.S., M.L.B., unpub-
lished observations; Hachisuka et al.,
2020), yet it is unknown whether this
key synaptic connection is affected by
peripheral tissue damage at any stage
of development. Therefore, we inves-
tigated the functional properties of
DYN inhibitory synapses onto adult
projection neurons after surgical
injury sustained during the neonatal
period.

Spinal DYN interneurons exp-
ressing ChR2 were activated via
optogenetic stimulation to evoke
monosynaptic IPSCs in laminal spi-
noparabrachial neurons (see Mate-
rials and Methods). Importantly, the
mean amplitude of DYN-evoked
IPSCs in adult projection neurons
was significantly decreased by neona-
tal incision compared with naive lit-
termate controls (1n=20 projection
neurons in each group; t = 2.32; p =
0.035; nested unpaired  test; Fig. 64,
B). Additionally, a higher coefficient of
variation was observed after neonatal
incision (n =20 neurons in each group;
t=2.77; p= 0.014; nested unpaired ¢
test; Fig. 6C), which suggests a persis-
tent reduction in either the probability
of GABA release or the number of
neurotransmitter release sites at DYN
synapses onto mature projection neu-
rons after early-life injury. The PPR
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Figure 7. Early-life injury does not alter the innervation of adult projection neurons by inhibitory DYN neurons. 4,
Representative images of CTB-labeled lamina | projection neuron (top left), synaptophysin-tdTOM labeling of DYN presyn-
aptic terminals (DYNSYPTOM. top right), VGAT-labeled inhibitory boutons (bottom left), and the merged image (bottom
right). Scale bar, 20 m. Inset (in the merged image), Magnification of an inhibitory DYN bouton (arrowhead), as defined
by the coexpression of VGAT (purple) and DYN*YP™M (red), in apposition to the dendrite of an identified spinoparabrachial
neuron (green). Scale bar, 5 um. B, Neonatal injury had no significant effect on putative excitatory DYN (i.e., synaptophy-
sin-tdTOM only) contacts onto projection neuron dendrites (naive: n=9 neurons; incision: n=12; t=0.57; p=10.60;
nested unpaired t test; left) or somata (t = 0.62; p = 0.54, nested unpaired ¢ test; right). C, P3 incision also failed to sig-
nificantly influence the density of inhibitory DYN (i.e., synaptophysin-tdTOM/VGAT) terminals in apposition to the den-
drites (t=0.41; p =0.70; nested unpaired t test; left) or somata (t =1.3; p = 0.25; nested unpaired t test; right) of adult
projection neurons (naive: n=9; incision: n =12).

Fig. 6D), thereby supporting a reduced probability of GABA release
from inhibitory DYN synapses in the adult SDH after early injury.

was also significantly higher in the neonatally incised mice (n=20 It is possible that a disruption of the normal innervation of
neurons in each group; t=2.34; p=0.034; nested unpaired ¢ test; ~ projection neurons by spinal DYN neurons also contributes to
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Figure 8.  Comparison of the effects of neonatal injury on the electrophysiological properties of DYN versus Gad67-GFP interneurons in the adult SDH. A, Plot of principal components analysis
(Dim1, Dimension 1; Dim2, Dimension 2) showing the unbiased distribution of mature DYN neurons and Gad-GFP neurons into four clusters based on k-means clustering, where each point rep-
resents an individual neuron. B, Histogram of the number of SDH cells in each cluster, where each neuron belonged to one of four experimental groups: adult DYN neurons from P3-incised
mice (DYN Incision; light pink), adult DYN neurons from naive mice (DYN Naive; red), adult Gad67-GFP neurons from P3-incised mice (Gad-GFP Incision; light blue), and adult Gad67-GFP neu-
rons from naive mice (Gad-GFP Naive; dark blue). Cluster 2 is composed entirely of neurons from neonatally injured mice, although DYN and Gad-GFP neurons are represented in roughly equal
numbers within this cluster. Furthermore, there was no absolute segregation of DYN and GABAergic neurons in any of the four clusters. C, Overall glutamatergic drive onto mature DYN neurons
from naive (red) and P3-incised (light pink) mice (data replotted from Fig. 3) was compared with that observed onto Gad67-GFP neurons from naive (n=15; dark blue) and P3-incised
(n=12; light blue) mice (data replotted from Li and Baccei (2019)). There was no significant interaction between injury and cell type (F(; 65) = 0.674; p = 0.415; mixed-effects model). D,
Similarly, there was no significant interaction between injury and cell type (F; 65y = 1.550; p =0.218; mixed-effects model) in terms of the effect of P3 incision on primary afferent-evoked

firing.

the above decrease in the strength of DYN inhibitory synapses
onto lamina I spinoparabrachial neurons after neonatal injury.
To address this issue, we estimated the number of DYN presyn-
aptic boutons that were apposed to adult spinoparabrachial neu-
rons from naive and neonatally incised mice. DYN presynaptic
terminals were genetically identified via the expression of a Cre-
dependent synaptophysin-tdTOM fusion protein, whereas inhib-
itory terminals were labeled via immunohistochemistry using a
primary antibody targeting VGAT (Fig. 7A). Importantly, we
found no significant effect of P3 incision on the density of inhibi-
tory DYN boutons (i.e., expressing both synaptophysin-tdTOM
and VGAT; Fig. 7A) in apposition to the dendrites (naive: n=9
neurons; incision: n=12; t=0.41; p =0.70; nested unpaired ¢ test;
Fig. 7C, left) or somata (t=1.3; p=0.25; nested unpaired ¢ test;
Fig. 7C, right) of mature projection neurons. Additionally, neo-
natal injury did not affect the density of presumed excitatory
DYN inputs (ie., expressing synaptophysin-tdTOM but not
VGAT; Fig. 7A) onto the dendrites (naive: n =9; incision: n = 12;
t=0.57; p=0.60; nested unpaired ¢ test; Fig. 7B, left) or cell
bodies (= 0.62; p =0.54; nested unpaired ¢ test; Fig. 7B, right) of
adult spinoparabrachial neurons. Although a rigorous assess-
ment of synaptic density would require analysis at the

ultrastructural level, these results argue against the notion that
P3 injury significantly alters the structural innervation of mature
projection neurons by inhibitory DYN interneurons, thereby sug-
gesting that the observed reduction in the DYN-evoked IPSC am-
plitude (Fig. 6B) is most likely explained by a lower probability of
GABA release.

Does neonatal injury selectively affect the DYN
subpopulation of GABAergic neurons in the mature SDH?

A key unanswered question is whether the long-term changes in
the intrinsic membrane properties and synaptic connectivity of
inhibitory SDH interneurons are restricted to those cells derived
from the DYN lineage, or rather occur across the wider
GABAergic population. As a first step toward addressing this
issue, we capitalized on the data collected during our previous
studies, which investigated the effects of P3 hindpaw incision on
the intrinsic excitability of laminae I-II GABAergic neurons
identified via the expression of Gad67-EGFP (Li and Baccei,
2014). Data on membrane capacitance, resting membrane poten-
tial, membrane resistance, and rheobase from those Gad-GFP
neurons were pooled with the same measures obtained from the
current recordings from DYN-tdTOM neurons (Fig. 2) and
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subjected to unbiased principal components analysis and k-
means clustering. Silhouette analysis revealed an optimal number
of four clusters (Fig. 8A4). As expected given that these same vari-
ables were used for k-means clustering, significant differences in
membrane capacitance, resting membrane potential, membrane
resistance, and rheobase (p < 0.0001; Kruskal-Wallis test) were
observed across clusters. More importantly, while Cluster 2 was
composed only of SDH neurons derived from neonatally incised
mice, DYN neurons and GABAergic neurons were represented
fairly equally within this cluster (Fig. 8B). In addition, there was
no absolute segregation of DYN and GABAergic neurons in any
of the four clusters (Fig. 8B).

Furthermore, if the persistent effects of P3 incision were
indeed unique to DYN interneurons within the mature SDH,
one might predict that the injury-evoked changes would be more
dramatic when selectively sampling DYN-tdTOM neurons com-
pared with recording from the wider GABAergic population,
given that DYN neurons only represent ~30% of all inhibitory
interneurons within laminae I-II (as identified via colocalization
with Pax2) (Boyle et al., 2017). However, a statistical comparison
of the effects of neonatal incision on primary afferent-evoked
glutamatergic drive to adult DYN neurons (data replotted from
Fig. 3C) to those recently documented for adult Gad67-GFP neu-
rons (Li and Baccei, 2019) revealed a significant overall effect of
injury (F 65 = 8.08; p=0.006; mixed-effects model) but no
effect of cell type (F(y 65 = 2.205; p=0.142) and no significant
interaction between injury and cell type (Fe5 = 0.674;
p=0.415; Fig. 8C). In addition, the influence of P3 incision on
afferent-evoked AP discharge was similar in the DYN and
Gad67-GFP populations, as we observed a significant effect of
injury (F(1,65y = 7.642; p=0.007; mixed-effects model) but no
effect of cell type (F165 = 2.199; p=0.143) and no significant
interaction between injury and cell type (Fe5 = 1.550;
p=0.218; Fig. 8D).

Although it is clear that further studies are needed to rigor-
ously address this issue, the available results collectively suggest
that the effects of early-life tissue injury on the electrophysiologi-
cal properties of DYN neurons are not fundamentally distinct
from those seen across the larger GABAergic population within
the SDH.

Discussion

These results identify functional deficits in a genetically defined
subpopulation of interneurons within the adult mouse SDH
following neonatal tissue damage. Surgical injury at P3 weak-
ened sensory afferent drive onto mature interneurons derived
from the prodynorphin lineage, dampened their intrinsic excit-
ability, and decreased the efficacy of their inhibitory synapses
onto lamina I spinoparabrachial neurons by lowering the prob-
ability of GABA release. Collectively, these data yield new
insight into the potential circuit mechanisms by which early-
life injury can persistently enhance the excitability of pain path-
ways in the adult CNS.

Neonatal tissue damage in rodents evokes two long-term
changes in pain sensitivity that are temporally and spatially
distinct. A global reduction in baseline pain sensitivity is
observed, which does not emerge until adolescence (Ren et al.,
2004; LaPrairie and Murphy, 2007) and may reflect stronger
descending inhibition following neonatal injury (Zhang et al.,
2010; Walker et al., 2015). The delayed onset of this hypoalge-
sia could be explained by the slow maturation of descending
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inhibitory pathways during early life, as descending facilitation
dominates throughout the first three postnatal weeks (Fitzgerald
and Koltzenburg, 1986; Hathway et al., 2009). Meanwhile, in the
same animals, an exacerbated degree of pain hypersensitivity is
seen following repeat injury (termed “priming”), which is evident
immediately after the resolution of the initial injury and appears
more localized, as priming was not observed if the subsequent
injury occurred in the contralateral hindpaw (Ren et al.,, 2004;
Moriarty et al., 2019). Recent work indicates that priming involves
the sensitization of central nociceptive circuits and does not
require changes occurring at the peripheral site of injury. First,
electrical stimulation of the tibial nerve (as a substitute for adult
injury) can also precipitate priming following neonatal hindpaw
incision (Beggs et al., 2012). In addition, adult mice which sus-
tained hindpaw injury as neonates exhibit enhanced mechanical
allodynia following incision of the ipsilateral forepaw during
adulthood (Moriarty et al., 2019). Therefore, it is possible that neo-
natal tissue damage leads to a persistent sensitization of ipsilateral
spinal nociceptive networks that initially remains latent due to
increased descending inhibition from the brainstem, but is later
unmasked by subsequent reinjury.

It is becoming clear that neonatal injury evokes widespread
disruptions in inhibitory synaptic transmission in the mature
SDH, which can undoubtedly sensitize spinal pain networks
(Yaksh, 1989; Sivilotti and Woolf, 1994; Foster et al., 2015). For
example, neonatal incision reduced both the GABAergic and gly-
cinergic components of primary afferent-evoked FFI onto lamina
I spinoparabrachial neurons, which appears mediated by changes
in the functional properties of SDH circuits rather than an overt
loss of inhibitory inputs to projection neurons (Li et al., 2015).
Such a loss of FFI would be expected to potentiate ascending
nociceptive transmission to the brain and thereby enhance the
susceptibility to developing persistent pain (Mantyh et al., 1997;
Nichols et al., 1999; Huang et al., 2019). Given their high preva-
lence in the DH (Boyle et al., 2017), direct innervation by pri-
mary afferents (Fig. 3), and ability to directly inhibit lamina I
projection neurons (Fig. 6) (Hachisuka et al., 2020), it seems
highly likely that spinal DYN-lineage neurons represent a critical
component of this feedforward inhibitory pathway linking pri-
mary sensory neurons to projection neurons.

Importantly, the present results demonstrate that this puta-
tive feedforward pathway is significantly compromised by
neonatal tissue damage via multiple mechanisms operating
in parallel. First, a disruption in the normal balance of pri-
mary afferent-evoked excitation versus inhibition onto mature
DYN interneurons (Figs. 3, 4), combined with a reduction in
their intrinsic membrane excitability (Fig. 2), results in a
marked decrease in afferent-evoked firing within this popula-
tion (Fig. 5). Furthermore, DYN synapses onto lamina I spi-
noparabrachial neurons are persistently weakened by neonatal
surgical injury, secondary to a long-term reduction in the
probability of GABA release (Fig. 6). It will ultimately be
essential to elucidate the somatotopy governing these injury-
evoked alterations in the function of spinal DYN circuits.
Little is known about the spatial distribution of the deficits in
synaptic inhibition following early-life injury, although the
reduction in spontaneous glycinergic transmission after P3
hindpaw incision does not extend to the contralateral SDH
(Li et al., 2013). Furthermore, it remains to be determined
whether a discrete critical period exists for these injury-
evoked changes in spinal DYN networks. Notably, the persis-
tent changes in spontaneous inhibitory signaling (Li et al.,
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2013), spike timing-dependent LTP (Li and Baccei, 2016), and
pain behaviors (Ren et al., 2004; Walker et al., 2009) seen fol-
lowing neonatal tissue damage are not observed following
similar injuries that occur after the first postnatal week.
Nonetheless, under certain circumstances, mature spinal noci-
ceptive circuits can clearly be sensitized by injuries sustained
during adulthood via a well-documented process termed
“hyperalgesic priming” (Joseph et al., 2003; Ferrari et al., 2015;
Megat et al., 2018). Unfortunately, the degree to which the
mechanisms underlying hyperalgesic priming and neonatal
priming overlap remains to be elucidated.

Early surgical injury dampens sensory afferent drive to the
wider population of Gad67-GFP interneurons within the adult
SDH (Li and Baccei, 2019) to a similar degree as observed in
mature DYN neurons (Fig. 8C,D). Given this observation, along
with the lack of separation between DYN and Gad67-GFP neu-
rons in our cluster analysis of intrinsic membrane properties
under normal and pathologic conditions (Fig. 8B), it seems
highly likely that neonatal injury modulates the function of sev-
eral subtypes of GABAergic neurons across the mature SDH.
Nonetheless, it will clearly be important for future studies to con-
sider how early-life injury affects other major classes of inhibi-
tory interneurons (Polgar et al., 2011; Sardella et al., 2011; Tiong
et al, 2011). For example, it would be of great interest to charac-
terize the effects of P3 injury on parvalbumin interneurons given
their prevalence in the SDH (Boyle et al., 2017) and their role in
suppressing mechanical pain (Petitjean et al., 2015), in light of
the exacerbated mechanical allodynia that characterizes neonatal
priming (Ren et al., 2004; Moriarty et al., 2019).

It should be noted that our electrophysiological recordings
sampled both inhibitory and excitatory DYN-lineage neurons
(Duan et al., 2014; Boyle et al., 2017). Intersectional genetic strat-
egies (Duan et al., 2014; Bourane et al., 2015) could be used to
distinguish the effects of P3 incision on the excitability of
GABAergic versus glutamatergic DYN neurons within the adult
SDH. Interestingly, mature laminae I-II neurons that lacked
Gad67-GFP expression, the vast majority (~80%-90%) of which
correspond to glutamatergic interneurons (Dougherty et al.,
2009), exhibited similar responses to neonatal injury as adjacent
GABAergic neurons (Li and Baccei, 2019). This raises the possi-
bility that while neonatal tissue damage evokes cell type-depend-
ent effects within the adult SDH, the major difference lies in the
response of interneurons versus projection neurons to the injury
rather than a distinct modulation of excitatory versus inhibitory
neurons. In this regard, the influence of neonatal injury on the
efficacy of DYN synapses onto other interneurons within the
mature DH should also be examined in future studies. Another
limitation of the current study is that it exclusively sampled DYN
neurons in the superficial laminae, while DYN neurons are
also located in the deeper DH (Duan et al., 2014) and could
exhibit distinct responses to early-life injury. Interestingly,
since superficial DYN neurons derived from the B5-I lineage
are important for the regulation of itch (Kardon et al., 2014),
the observed long-term deficits in DYN neuron-mediated in-
hibition after neonatal injury could predict altered sensitivity
to pruritic stimuli during adulthood. However, it remains
unclear whether neonatal tissue damage can persistently mod-
ulate itch processing throughout life.

The molecular mechanisms underlying these persistent defi-
cits in spinal DYN circuits following neonatal injury remain to
be identified. The documented effects on both the intrinsic
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membrane excitability (Fig. 2) and probability of presynaptic
GABA release (Fig. 6) are consistent with complex, multifaceted
changes in the functional properties of adult spinal DYN neu-
rons after noxious stimulation during early life. Recent advances
in the genetic profiling of identified subpopulations of spinal
neurons (Chamessian et al., 2018; Serafin et al., 2019) would
allow for the future investigation into how neonatal injury influ-
ences gene expression in DYN interneurons within the mature
DH. However, post-transcriptional regulation could also be critical
for the persistent, injury-evoked alterations in spinal DYN circuits.
Notably, the complement of mRNAs that are actively translated are
not always well predicted by the overall pool of mRNAs detected
by RNAseq (Ingolia, 2016; Fortelny et al., 2017). Unfortunately,
while the translating ribosome affinity purification approach
(Heiman et al., 2008) has been successfully applied to the dorsal
root ganglia (Megat et al., 2019a,b), the degree to which it can be
used to elucidate the translatome of identified subpopulations of
DH neurons remains to be determined.

In conclusion, the present findings represent the first step to-
ward elucidating the long-term effects of neonatal injury on the
function of identified inhibitory microcircuits within the spinal
DH. Such information may yield new mechanistic insight into
the synaptic pathways which must ultimately be restored to pre-
vent an increased susceptibility to chronic pain following tissue
damage during early life.
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