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Abstract

Tissue damage during the neonatal period evokes long-lasting changes in nociceptive processing
within the adult spinal cord which contribute to persistent alterations in pain sensitivity. However,
it remains unclear if the observed madifications in neuronal activity within the mature superficial
dorsal horn (SDH) following early injury reflect shifts in the intrinsic membrane properties of
these cells. Therefore, the present study was undertaken to identify the effects of neonatal surgical
injury on the intrinsic excitability of both GABAergic and presumed glutamatergic neurons within
lamina Il of the adult SDH using in vitro patch clamp recordings from spinal cord slices prepared
from Gad-GFP mice. The results demonstrate that hindpaw surgical incision at postnatal day (P) 3
altered the passive membrane properties of both Gad-GFP and adjacent, non-GFP neurons in the
mature SDH, as evidenced by decreased membrane resistance and more negative resting potentials
in comparison to naive littermate controls. This was accompanied by a reduction in the prevalence
of spontaneous activity within the GABAergic population. Both Gad-GFP and non-GFP neurons
displayed a significant elevation in rheobase and decreased instantaneous firing frequency after
incision, suggesting that early tissue damage lowers the intrinsic membrane excitability of adult
SDH neurons. Isolation of inward-rectifying K* (Kj,) currents revealed that neonatal incision
significantly increased Kj, conductance near physiological membrane potentials in GABAergic,
but not glutamatergic, lamina Il neurons. Overall, these findings suggest that neonatal tissue injury
causes a long-term dampening of intrinsic firing across the general population of lamina Il
interneurons, but the underlying ionic mechanisms may be cell-type specific.

The processing of noxious stimuli within the CNS begins in the superficial dorsal horn
(SDH) of the spinal cord, where a complex network of excitatory and inhibitory
interneurons integrates sensory inputs and strongly regulates the output of the spinal pain
circuit by modulating the excitability of a small population of neurons which send ascending
projections to the brain (Todd, 2010). Mounting evidence suggests that the level of activity
within mature dorsal horn neurons is significantly influenced by sensory experience during
the early postnatal period. For example, in vivo electrophysiological studies using
extracellular recordings have demonstrated that skin wounding in the newborn rat leads to
enlarged receptive fields in dorsal horn neurons at 6 weeks post-injury (Torsney and
Fitzgerald, 2003). Elevated rates of spontaneous activity and exaggerated firing in response
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to mechanical stimulation have also been reported in the adult dorsal horn in vivo after
peripheral inflammation during the neonatal period (Peng et al., 2003). This documented
hyperexcitability following early tissue damage could be explained by long-term alterations
in the balance of synaptic excitation vs. inhibition onto adult SDH neurons and/or
modifications in their intrinsic membrane properties which in turn modulate their
excitability in a cell-autonomous manner. While in vivo extracellular recordings are
invaluable in measuring the responses of dorsal horn cells to natural sensory stimuli, this
technique cannot distinguish between these potential underlying mechanisms.

Recent studies have focused on identifying changes in synaptic connectivity occurring
within the mature SDH network following transient injuries sustained during the neonatal
period. Deficits in both phasic and tonic glycinergic transmission have been observed in the
adult SDH following neonatal surgical injury (Li et al., 2013a), while stronger descending
inhibition to the mature dorsal horn has been reported after peripheral inflammation during
early life (Zhang et al., 2010), which may be mediated by a potentiation in opioidergic tone
in the CNS (Laprairie and Murphy, 2009). However, it remains unclear whether neonatal
tissue damage evokes persistent alterations in the intrinsic firing properties of developing
SDH neurons. It is known that the intrinsic membrane properties of SDH neurons are
developmentally regulated in a cell type-specific manner (Walsh et al., 2009; Li and Baccei,
2011; Li and Baccei, 2012), and significant changes in the transcription of genes encoding
voltage-dependent and voltage-independent ion channels occur during the first postnatal
weeks (Blankenship et al., 2013). Given the clear importance of neuronal activity in the
modulation of gene expression (Lyons and West, 2011), perturbations in sensory input
resulting from injuries during this sensitive developmental period may have long-term
consequences for the electrophysiological phenotype of mature SDH neurons.

Therefore, the present study was undertaken to elucidate the persistent effects of neonatal
surgical injury on the intrinsic membrane excitability of both inhibitory and presumed
excitatory interneurons within lamina 11 of the adult mouse spinal cord.

Experimental Procedures

Ethical Approval

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

Hindpaw surgical incision

At postnatal day (P)3, female Gad-GFP mice (FVB-Tg(GadGFP)4570Swn; Jackson Labs;
Bar Harbor, ME), which express enhanced GFP under the control of the GAD67 promoter
(Oliva, Jr. et al., 2000), were anesthetized with isoflurane (2-3%) and a small incision made
through the skin and underlying muscle of the plantar hindpaw as described previously
(Brennan et al., 1996). The skin was immediately closed with 7-0 suture (Ethicon; Cornelia,
GA\) and the wound fully healed in < 2 weeks. Females were chosen based on previous work
demonstrating that the long-term effects of neonatal injury on pain sensitivity are more
pronounced in females (Laprairie and Murphy, 2007).

Preparation of spinal cord slices

At P49-63, Gad-GFP mice were deeply anesthetized with sodium pentobarbital (60 mg/kg)
and perfused with ice-cold dissection solution consisting of (in mM): 250 sucrose, 2.5 KCI,
25 NaHCOg3, 1.0 NaH,PO,4, 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, Carlsbad, CA) and parasagittal slices
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(350-400 um) were cut from the ipsilateral side using a vibrating microtome (7000smz-2;
Campden Instruments, Lafayette, IN). The slices were placed in a chamber filled with
oxygenated dissection solution for 30 min then allowed to recover in an oxygenated artificial
CSF (aCSF) solution containing the following (in mM): 125 NaCl, 2.5 KCI, 25 NaHCO3,
1.0 NaH2POy, 1.0 MgCls, 2.0 CaCl,, and 25 glucose for = 1 hour at room temperature.

Patch clamp recordings

After recovery, slices were transferred to a submersion-type recording chamber (~0.5 mL
volume; RC-22; Warner Instruments, Hamden, CT) and mounted on the stage of an upright
microscope (BX51WI, Olympus, Center Valley, PA) which was equipped with fluorescence
to allow for the identification of GFP-expressing neurons. Slices were then perfused at room
temperature with oxygenated aCSF at a rate of 3—6 ml/min.

Patch electrodes were constructed from thin-walled single-filamented borosilicate glass (1.5
mm outer diameter; World Precision Instruments, Sarasota, FL) using a microelectrode
puller (P-97; Sutter Instruments, Novato, CA). Pipette resistances ranged from 4 to 6 MQ
and seal resistances were >1 GS2. Patch electrodes were filled with a 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 (305 mOsm).

Dorsal horn neurons were visualized with infrared-differential interference contrast and
patch clamp recordings were obtained from the L4/L5 dorsal horn using a Multiclamp 700B
amplifier (Molecular Devices, Sunnyvale, CA). Approximately 1 min after establishment of
the whole-cell configuration, the spontaneous firing patterns of dorsal horn neurons were
classified at the resting membrane potential (V\est). Membrane capacitance was calculated
using the built-in pClamp membrane test, while membrane resistance was measured using
the hyperpolarization produced by a —20 pA current injection from V,s. To characterize the
properties of evoked action potential (AP) discharge, intracellular current injections (from
-20 to +150 pA in 10 pA increments; 800 ms duration) were applied from V.
Instantaneous firing frequency (IF) was calculated as 1 / interspike interval (1SI), while
rheobase was defined as the minimum current step (delivered in 2.5 pA increments at 50 ms
duration) which evoked AP discharge.

Inward-rectifying K* (Kj,) currents were isolated as described previously (Derjean et al.,
2003; Li et al., 2013b). Briefly, neurons were voltage-clamped at =55 mV in the presence of
10 uM NBQX, 25 pM AP-5, 10 uM gabazine (GBZ) and 0.5 pM strychnine to block fast
synaptic transmission in the slice. Negative voltage ramps (from —-55 to —155 mV) were
applied at a rate of 0.2 mV/ms. BaCl, (200 uM) was bath-applied to block K;, (Coetzee et
al., 1999) and the Ba2*-sensitive component of the current was subsequently isolated via
electronic subtraction (see Fig. 4). Conductance (gga-sensitive) Was calculated as: g =1/ (Vm,
- Erey) at two different membrane potentials that were equidistant (25 mV) from the reversal
potential (Derjean et al., 2003). To estimate the degree of K;, inward rectification, a ratio of
these two conductances was calculated as: g(g+25)/d(g-25)-

Membrane voltages were adjusted for liquid junction potentials (approximately 14 mV)
calculated using JPCalc software (P. Barry, University of New South Wales, Sydney,
Australia; modified for Molecular Devices) unless otherwise specified. 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 computer (ICT, Cincinnati, OH) using a commercially
available data acquisition system (Digidata 1440A with pClamp 10.2 software; Molecular
Devices).
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Data analysis and statistics

Results

Electrophysiological data were analyzed using Clampfit (Molecular Devices) and Origin
(OriginLab Corp., Northampton, MA) software. The distribution of firing patterns was
compared between the Naive and Incision groups using the Fisher’s exact test (Prism 5.0;
GraphPad Software, La Jolla, CA). Nonparametric tests were used in cases in which the
distribution of data failed the D’ Agostino & Pearson normality test (Prism). p < 0.05 was
considered significant. n refers to the number of neurons sampled in a given group. Data are
expressed as means + SEM.

Neonatal tissue injury modifies the intrinsic membrane properties of adult SDH neurons

To identify long-term changes in the intrinsic excitability of mature SDH neurons after
neonatal tissue damage, unilateral hindpaw surgical incision (Brennan et al., 1996) was
administered at postnatal day (P)3 in Gad-GFP mice, which selectively express enhanced
GFP (eGFP) in GABAergic neurons (Oliva, Jr. et al., 2000). Naive littermate-matched
controls (handled in an identical manner including exposure to anesthesia) were used for all
experiments. At P49-63, in vitro whole-cell patch clamp recordings were obtained from
Gad-GFP and adjacent, non-GFP neurons within lamina 11 of spinal cord slices prepared
from the ipsilateral side. Since eGFP labels >60% of the GABAergic neurons in the adult
SDH of these mice (Dougherty et al., 2009) and GABAergic cells are thought to comprise
~30% of lamina Il neurons in the rodent (Todd and Sullivan, 1990; Polgar et al., 2003),
along with the observation that glycinergic neurons predominantly represent a subset of the
GABAergic population (Todd and Sullivan, 1990; Huang et al., 2008), one can estimate that
the vast majority (>85%) of non-GFP cells should correspond to glutamatergic neurons.

P3 hindpaw incision evoked a significant reduction in membrane resistance (Ry) in both
Gad-GFP (n = 37 in the Naive group; n = 38 in Incision group; p = 0.021; Mann-Whitney
test; Fig. 1A, left) and adjacent non-GFP neurons (n = 40 in Naive; n = 39 in Incision; p =
0.011; Fig. 1A, right) within the adult SDH compared to naive littermate controls.
Membrane capacitance (Cy,,) was significantly higher in the Gad-GFP population compared
to adjacent, non-GFP neurons in naive spinal cord slices (p = 0.033; Mann-Whitney test;
Fig. 1B), which could reflect the sampling of GABAergic islet neurons which are known to
have extensive dendritic arbors in the rostrocaudal direction (Grudt and Perl, 2002; Yasaka
et al., 2010). However, more importantly, early tissue damage failed to affect Cy, in both the
GABAergic (p = 0.26; Mann-Whitney) and presumed glutamatergic (p = 0.14) populations
(Fig. 1B), suggesting that the above decrease in Ry, is unlikely to be explained by alterations
in cell size following neonatal incision. Both subtypes of adult lamina Il neurons also
displayed more negative resting membrane potentials (V,est) after early tissue damage (p =
0.002 for Gad-GFP; p = 0.007 for non-GFP; Mann-Whitney test; Fig. 1C). Interestingly, this
was accompanied by a significant reduction in the prevalence of spontaneous action
potential (AP) discharge in Gad-GFP (p = 0.014; Fisher’s exact test; Fig. 1D, left) but not in
adjacent non-GFP neurons (p = 0.737; Fig. 1D, right) within the mature SDH. In both the
GABAergic and presumed glutamatergic groups, spontaneously active neurons exhibited
irregular AP discharge and we observed neither tonic nor bursting patterns of spontaneous
firing within lamina I, as previously reported in this lamina during the neonatal period (Li
and Baccei, 2011).

To further examine the consequences of neonatal incision on the intrinsic membrane
excitability of adult SDH neurons, brief (50 ms) depolarizing current steps of increasing
intensity were applied from Vg Via the patch electrode in order to measure rheobase (i.e.
the minimum current amplitude which evokes AP discharge). As illustrated in Fig. 1E, early
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tissue injury resulted in a marked elevation in rheobase levels in both Gad-GFP (n = 38 in
Naive; n = 38 in Incision; p = 0.002; unpaired t-test) and non-GFP lamina Il neurons (n = 40
in each group; p = 0.022; unpaired t-test) during adulthood. Meanwhile, AP threshold was
not significantly altered by P3 incision in either Gad-GFP (Naive: =49.2 + 0.7 mV; Incision:
-47.3 £ 0.8 mV; p = 0.058, unpaired t-test) or non-GFP neurons (Naive: -44.0 + 0.8 mV;
Incision: —44.3 + 1.0 mV; p = 0.837). Neonatal injury did significantly reduce AP duration
in the non-GFP population during adulthood (Naive: 1.40 + 0.06 ms; Incision: 1.23 + 0.03
ms; p = 0.030; unpaired t-test), but no such alteration was observed in GABAergic neurons
within the same slices (Naive: 1.25 £ 0.05 ms; Incision: 1.21 + 0.04 ms; p = 0.557; Mann-
Whitney test).

Persistent reduction in repetitive firing across the mature SDH following tissue damage
during the early postnatal period

Intracellular current injections of longer duration (800 ms) revealed five distinct patterns of
AP discharge (tonic, delayed, phasic, single-spiking and bursting; Fig. 2A), which is similar
to previous studies in lamina Il of the adult rodent SDH (Ruscheweyh and Sandkuhler,
2002; Heinke et al., 2004; Graham et al., 2008; Yasaka et al., 2010). While we did observe
“gap-firing” as described previously (Heinke et al., 2004), this seemed to occur at higher
stimulus intensities in neurons which also displayed a delayed firing pattern in response to
weaker stimulation, and thus these neurons were classified as delayed-firing in the present
study. Notably, P3 injury did not change the overall distribution of evoked firing patterns in
either the GABAergic or glutamatergic populations in the mature SDH (Fig. 2B), as there
were no statistically significant differences between the Naive and Incision groups in terms
of the prevalence of tonic (p = 0.111 for Gad-GFP; p = 0.823 for non-GFP; Fisher’s exact
test) or delayed (p = 0.399 for Gad-GFP; p = 0.642 for non-GFP) patterns of AP firing.

However, P3 hindpaw incision did significantly reduce the repetitive firing frequency in
adult GABAergic neurons showing a tonic pattern of AP discharge, as evidenced by a
rightward shift in the stimulus-response curve (n = 31 for Naive; n = 25 for Incision;
p<0.0001; two-way ANOVA; Fig. 2C). This was accompanied by a hyperpolarizing shift in
V/est and an elevation in rheobase within this subset of mature SDH neurons (Table 1).
GABAergic neurons with delayed firing patterns also exhibited a significantly lower rate of
AP discharge following early tissue damage (n = 6 for Naive; n = 10 for Incision; p<0.01;
two-way ANOVA; Fig. 2D). Tonic, non-GFP neurons from the same spinal cord slices also
displayed a more hyperpolarized Vest (Table 1) and a significantly lower repetitive firing
frequency following neonatal hindpaw incision (n = 18 for Naive; n = 16 for Incision; p =
0.007; two-way ANOVA,; Fig. 2E). Meanwhile, non-GFP neurons with delayed firing
patterns showed no such change in repetitive firing (n = 12-16 in each group; p = 0.346;
two-way ANOVA; data not shown), although rheobase in this population was significantly
higher after early incision compared to naive controls (Table 1).

Neonatal injury up-regulates inward-rectifying potassium (K;;) currents in GABAergic
neurons within adult spinal nociceptive circuits

Our recent work has provided evidence that inward-rectifying potassium (Kj,) currents make
a significant contribution to membrane resistance (Rp,) in developing lamina I neurons and
can strongly regulate action potential discharge in these cells (Li et al., 2013b). K, currents
also appear to be important determinants of neuronal excitability within the SDH of the
mature spinal cord, as blocking Kj, channels with extracellular Ba2* (Coetzee et al., 1999)
significantly increased Ry, (n = 24; p<0.0001; paired t-test; Fig. 3A), depolarized Vgg; (p =
0.007; paired t-test; Fig. 3B) and enhanced the rate of repetitive firing (p<0.0001; Repeated
Measure two-way ANOVA,; Fig. 3C) across the general population of adult lamina Il
neurons. Therefore, we next examined the hypothesis that the observed long-term reduction
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in the intrinsic membrane excitability of mature SDH neurons (Figs. 1, 2) reflects, at least in
part, an injury-evoked increase in the levels of K, conductance.

K, currents were isolated in SDH neurons as described previously (Derjean et al., 2003; Li
et al., 2013b). Briefly, negative voltage ramps (from =55 to =155 mV at 0.2 mV/ms) were
applied to the SDH cell in the presence of antagonists to block fast synaptic transmission in
the slice (Fig. 4A, black trace). After obtaining baseline recordings, BaCl, (200 pM) was
subsequently added to the bath (Fig. 4A, gray trace). Electronic subtraction of the Ba2*-
sensitive component (Fig. 4B) revealed a current with a mean reversal potential (E,e,) of
-94.2 £ 1.9 mV (n = 48), which was close to the predicted equilibrium potential for K* ions
under our experimental conditions (-101.4 mV). Measurements of conductance (see
Methods) at two potentials equidistant from E,., (Fig. 4B) consistently demonstrated inward
rectification, as evidenced by a higher conductance at more negative membrane potentials
(Vm), which suggests that the above protocol effectively isolates K;, currents in lamina Il
neurons.

Neonatal tissue injury significantly enhanced the Ba2*-sensitive conductance (gga-sensitive)
within mature GABAergic SDH neurons at V,, positive to the reversal potential (i.e. Erey +
25;n =11 in Naive; n = 12 in Incision; p = 0.02; unpaired t-test; Fig. 5A, left), but not at
more negative membrane potentials (i.e. Eey - 25; p = 0.213; unpaired t-test; Fig. 5A, right).
In addition, Kj, currents in adult Gad-GFP cells exhibited a lower degree of inward
rectification following P3 tissue damage, as the ratio of gga-sensitive Measured at the more
positive V, relative to that measured at the negative V\, was significantly elevated in the
Incision group (p = 0.018; Mann-Whitney test; Fig. 5C, l€ft). In contrast, P3 incision had no
significant effects on gga-sensitive iN NON-GFP lamina 11 neurons at either membrane potential
(p=0.842 at E(ey + 25; p = 0.828 at Eyey - 25; n = 12 in Naive; n = 13 in Incision; unpaired
t-test; Fig. 5B). Neonatal tissue damage also failed to significantly influence the degree of
Kjr inward rectification in presumed glutamatergic neurons of the adult SDH (p = 0.173;
Mann-Whitney test; Fig. 5C, right).

Discussion

This study demonstrates, for the first time, that the intrinsic membrane properties of adult
SDH neurons are shaped by sensory experience during early postnatal development.
Surgical injury during the neonatal period evoked a reduction in neuronal excitability across
multiple subpopulations within lamina Il of the mature spinal cord. These results also
confirm that inward-rectifying K* (K;;) channels are potent regulators of membrane
excitability in adult SDH neurons and further suggest that injury-evoked changes in the
expression of Kj, channels may contribute to the persistent alterations in intrinsic firing seen
in GABAergic interneurons within adult spinal nociceptive circuits.

Long-term changes in nociceptive processing in the SDH following neonatal tissue

damage

The enlarged receptive fields, elevated spontaneous firing and greater response to
mechanical input observed in mature dorsal horn cells after neonatal injury (Torsney and
Fitzgerald, 2003; Peng et al., 2003) would seemingly predict that early tissue damage causes
a persistent increase in the intrinsic excitability of developing SDH neurons. However, the
present results clearly show that hindpaw incision during the first days of life leads to a
prolonged reduction in membrane excitability in both GABAergic and presumed
glutamatergic neurons within lamina Il of the adult spinal cord (Figs. 1, 2), which likely
reflects the injury-evoked decrease in Ry, (Fig. 1A) and hyperpolarization in Vs (Fig. 1C).
Interestingly, a previous study has demonstrated that carrageenan inflammation in P7-12
mice causes a biphasic change in intrinsic excitability within immature dorsal horn neurons,
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with an initial enhancement of excitability observed at 1 hour post-injury followed by a
subsequent decrease in action potential (AP) firing at 20 hours (Rivera-Arconada and
Lopez-Garcia, 2010). Collectively, these findings suggest that the delayed reduction in
intrinsic neuronal excitability following early injury may persist throughout development.

Studies in rodents have demonstrated that tissue damage occurring during a critical neonatal
period leads to a delayed (~4 weeks) reduction in the baseline sensitivity of the nociceptive
withdrawal reflex which lasts into adulthood (Ren et al., 2004; LaPrairie and Murphy,
2007). The delayed emergence of the persistent hypoalgesia could be explained by the
gradual maturation of descending modulatory pathways from the rodent brainstem (Hathway
et al., 2009), and neonatal hindpaw inflammation has been reported to enhance descending
inhibition originating from the adult rostroventral medulla (Zhang et al., 2010). It is
inherently difficult to unambiguously link changes in SDH neuronal firing to behavioral
assays of pain sensitivity in rodents, as the latter rely on measuring the motor output of the
spinal cord network. Nonetheless, the persistent decrease in the intrinsic membrane
excitability of adult SDH neurons following early incision would be expected to limit AP
discharge in these cells during acute noxious stimulation, which might also contribute to an
elevated threshold of the nociceptive withdrawal reflex.

Our findings also suggest that the hyperexcitability of adult dorsal horn neurons after early
tissue injury, previously documented using in vivo recordings from anesthetized animals,
likely results from long-term changes in synaptic signaling within spinal nociceptive
networks. Notably, we have recently shown a persistent reduction in the efficacy of
glycinergic transmission onto both GABAergic and presumed excitatory lamina Il neurons
of adult Gad-GFP mice following hindpaw incision at P3 (Li et al., 2013a). Given that
decreasing synaptic inhibition within the dorsal horn is sufficient to enhance receptive field
size and facilitate AP discharge in response to sensory input (Reeve et al., 1998; Bremner et
al., 2006; Koch et al., 2012), reduced glycinergic tone within the mature SDH circuit could
explain the persistent changes in dorsal horn neuronal firing observed in vivo.

Potential contribution of homeostatic plasticity to altered nociceptive signaling within the

spinal cord

It remains to be determined if the decreased glycinergic inhibition and the reduced intrinsic
membrane excitability in the adult SDH following early injury are causally related.
However, it is now clear that central neurons, including those in the spinal cord (Gonzalez-
Islas and Wenner, 2006), can globally adjust the strength of their synaptic inputs (referred to
as synaptic scaling) in response to chronic alterations in their firing rate, in order to maintain
overall activity levels within a stable range (Turrigiano and Nelson, 2004). This
“homeostatic plasticity” can occur in a cell-autonomous manner and the resultant effects on
synaptic efficacy depend on the developmental stage of the neuronal network (Burrone et
al., 2002). While the majority of studies involving synaptic scaling have focused on the
regulation of glutamatergic synaptic transmission following perturbations in firing rates
(Turrigiano et al., 1998; O'Brien et al., 1998; Watt et al., 2000), shifts in the strength of
inhibitory signaling can also serve to counteract changes in activity levels (Kilman et al.,
2002; Peng et al., 2010; Rannals and Kapur, 2011) via mechanisms involving intracellular
Ca?* signaling (Kilman et al., 2002; Saliba et al., 2009). Therefore, although neonatal
hindpaw incision failed to significantly affect excitatory synapses in the mature SDH (Li et
al., 2013a), the long-term reduction in glycinergic signaling could reflect a homeostatic
compensation in response to an injury-evoked decrease in the intrinsic membrane
excitability of adult lamina Il neurons. Conversely, the loss of normal glycinergic function
in the SDH could occur first following neonatal tissue damage, and subsequently trigger the
dampening of intrinsic excitability in SDH neurons in order to minimize the shifts in their
overall firing rates. Indeed, blocking inhibitory hippocampal synapses with bicuculline
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evokes a significant reduction in repetitive firing frequency in CA1 neurons (Karmarkar and
Buonomano, 2006). Further experiments identifying the precise developmental time points
at which these two changes emerge in the SDH following neonatal injury may yield insight
into this issue.

Persistent, cell type-specific changes in BaZ*-sensitive K;, conductance within the mature
SDH after early injury

Neurons with larger conductance through inward-rectifying K* (Kj;) channels generally
possess more negative resting potentials, lower membrane resistance (Ry,) and reduced
spontaneous firing (Hibino et al., 2010). Consistent with the notion that K, currents function
to limit neuronal excitability in the adult SDH via their contribution to the resting leak
conductance, blocking K;, channels with Ba2* significantly increased Ry, and facilitated
repetitive action potential discharge in mature lamina Il neurons (Fig. 3). Therefore, it seems
probable that the up-regulation of K;; conductance in GABAergic neurons near
physiological membrane potentials (Fig. 5A) contributes to the observed decrease in
intrinsic membrane excitability within this population after neonatal injury (Figs. 1, 2).
Although the mechanisms underlying this enhanced K;j, conductance remain to be
determined, the altered degree of K, inward rectification after neonatal incision (Fig. 5C)
argues against an increased number of K;; channels as the sole explanation for this effect,
and instead suggests that mature GABAergic neurons express functionally distinct K;,
currents in the aftermath of neonatal tissue damage. Given that K;, channels can be
composed of heteromultimers (Fink et al., 1996; Preisig-Muller et al., 2002) and that
different K;, subunits vary in their degree of inward rectification (Dhamoon et al., 2004;
Ishihara and Yan, 2007), it is possible that neonatal injury evokes persistent changes in the
stoichiometry of Kj, channels expressed by inhibitory interneurons within developing spinal
pain networks.

However, such changes in K, expression are clearly not required for the persistent reduction
in intrinsic neuronal excitability after early injury, as adjacent non-GFP neurons exhibited
many of the same alterations in passive and active membrane properties without measurable
changes in their levels of K;, conductance (Fig. 5B). The lower Ry, and negative shift in
V/est S€€N in this population after early tissue damage may instead reflect the elevated
expression of other K* channels known to contribute to leak membrane conductance in
central neurons, including (but not limited to) two-pore domain K* channels (Goldstein et
al., 2001) and some subtypes of voltage-gated K* channels, including members of the K,,3.x
and K, 7.x (KCNQ) families, which can be open near Ve (Schroeder et al., 2000; Abbott et
al., 2001; Rivera-Arconada and Lopez-Garcia, 2010). In addition, long-term changes in the
density of sustained voltage-gated K* currents may play an important role in the reduced
membrane excitability seen during adulthood, as a significant up-regulation of delayed-
rectifier K* currents has been reported in developing dorsal horn neurons following neonatal
inflammation (Rivera-Arconada and Lopez-Garcia, 2010). Although a more thorough
characterization of the voltage-dependent and voltage-independent ionic conductances of
developing SDH neurons is clearly required, it would not be surprising if distinct
subpopulations of lamina Il neurons relied on different underlying mechanisms to achieve a
reduction in intrinsic membrane excitability following neonatal tissue damage. In fact, it is
now well-established that neurons with identical firing patterns can nonetheless express very
different combinations of ion channels (Marder and Goaillard, 2006).

Future Directions

It will ultimately be important to elucidate the somatotopy of these changes in intrinsic
excitability within the mature superficial dorsal horn (SDH) following early tissue damage.
In other words, are these alterations in membrane properties restricted to the regions of the

Neuroscience. Author manuscript; available in PMC 2015 January 03.
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SDH which receive direct projections from primary afferents innervating the injury site, or
do similar shifts in excitability occur throughout the rostrocaudal axis of the spinal cord?
Notably, the long-term hypoalgesia seen in rodents following neonatal tissue injury occurs
in a global manner (Ren et al., 2004; Laprairie and Murphy, 2007). These behavioral studies
also identified a clear critical period of postnatal development in which the injury must
occur in order to evoke these persistent changes in pain sensitivity. Therefore, it also
remains to be determined if the documented shifts in intrinsic membrane excitability share
this same critical period or also occur in response to tissue injury at later ages.

Conclusions

The present findings demonstrate that the intrinsic firing properties of neurons within adult
spinal pain circuits are highly sensitive to noxious sensory experience during the neonatal
period. As a result, this study adds to the growing body of work illustrating that early trauma
can have lifelong consequences for nociceptive processing in the CNS.
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Figure 1. Neonatal surgical incision modulates the passive and active membrane properties of

mature SDH neurons

A: Hindpaw incision at P3 evoked a significant reduction in membrane resistance in both
Gad-GFP (left; *p = 0.021; Mann-Whitney test) and adjacent non-GFP (right; *p = 0.011)
neurons within lamina Il of the adult mouse SDH. B: P3 injury failed to affect membrane
capacitance in either population during adulthood (p = 0.26 for Gad-GFP; p = 0.14 for non-
GFP; Mann-Whitney test). C: Neonatal tissue injury led to a hyperpolarizing shift in resting
membrane potential in both mature Gad-GFP (left, **p = 0.002; Mann-Whitney) and non-
GFP neurons (right, **p = 0.007). D: The prevalence of spontaneous action potential
discharge (SA) was significantly reduced by P3 injury in the GABAergic (left, *p = 0.014;
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Fisher’s exact test), but not presumed glutamatergic (right, p = 0.737), population of adult
SDH neurons. E: Rheobase amplitude was significantly elevated by P3 hindpaw incision in
both mature GABAergic (left; **p = 0.002; unpaired t-test) and presumed excitatory neurons
(right; *p = 0.022) within lamina I1.
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Figure 2. Decreased repetitive firing in adult lamina Il neurons following early tissue damage

A: Direct current injection through the patch electrode at increasing intensities (bottom to
top) revealed firing patterns that were classified as tonic, delayed, bursting, phasic or single-
spiking (not shown). Scale bar = 20 mV, 100 ms. B: Neonatal incision failed to significantly
affect the percentage of lamina Il GABAergic neurons (left) which exhibited tonic or
delayed patterns of action potential discharge (p>0.05; Fisher’s exact test). Similarly, early
tissue damage had no significant effect on the distribution of firing patterns in the non-GFP
population of adult SDH neurons (right). Total number of neurons sampled in each group:
38 from Naive and 38 from Incision for the Gad-GFP population; 40 Naive and 40 Incision
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for the non-GFP population. C: Plot of instantaneous firing frequency as a function of
stimulus intensity in adult GABAergic neurons exhibiting tonic-firing, illustrating a
significant decrease in firing rate after neonatal incision compared to naive littermate
controls (n = 25-31 in each group; p<0.0001; two-way ANOVA). D: Early injury also
decreased firing frequency in mature Gad-GFP neurons showing a delayed pattern of action
potential discharge (n = 6-10 for each group; p<0.01; two-way ANOVA). E: Similar plot for
tonic-firing, non-GFP cells from the same slices. Incision also significantly reduced firing
frequency within this population of adult SDH neurons (n = 16-18 in each group; p<0.001;
two-way ANOVA).

Neuroscience. Author manuscript; available in PMC 2015 January 03.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Li and Baccei

Page 17

-
(4.
[=]
?)

*%k%k

-
[=
(=3
E)

500

o

Membrane resistance (MQ)

Control + Ba?t

Control + Ba?*

-204

-40-

-60

vrest (mV)

-80-

-100-

A
o
]
*
*
*

-0- Control
= +Ba%"

H
o
1

N oW
PP

Firing Frequency (Hz)
=

10 30 50 70 90 110 130 150
Stimulus Intensity (pA)

Figure 3. Barium-sensitive conductances regulate intrinsic membrane excitability in adult mouse
SDH neurons

Bath application of BaCl, (200 uM) significantly increased membrane resistance (A;
***n<0.0001; paired t-test), depolarized the resting membrane potential (B; **p = 0.007;
paired t-test) and elevated instantaneous firing frequency (C; *p<0.05, ***p<0.001; two-
way ANOVA with Bonferroni correction for multiple comparisons) in mature lamina Il
neurons exhibiting tonic firing. Similar results were observed for the Gad-GFP and non-GFP
populations, therefore data from the two groups were pooled for analysis.
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Figure 4. Isolation of inward-rectifying K* (K;,) currents in mature SDH neurons

A: Representative currents recorded in a lamina Il neuron during negative voltage ramps
from a holding potential of =55 mV to —155 mV before (Control; black) and after (gray) the
bath application of 200 uM BaCls,. B: Example of Ba%*-sensitive currents obtained by
electronic subtraction (black — gray) plotted as a function of membrane voltage. Inward
rectification was observed in all cases as the slope was greater at potentials negative to the
observed reversal potential (E,e,). The dotted vertical lines indicate representative voltages
(equidistant from Eje,) used to calculate the Ba2*-sensitive conductance (Jga-sensitive)-
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Figure 5. Neonatal tissue damage enhances Kj, conductance in GABAergic neurons of the adult

SDH

A: P3 injury evoked a significant increase in gga-sensitive I Gad-GFP neurons compared to
naive littermate controls at membrane potentials positive to Ee, (*p = 0.020; unpaired t-test;
left) but not at potentials more negative than Ee, (p = 0.213; right). B: In contrast, no such
up-regulation of Ba2*-sensitive K* conductance was observed at either membrane potential
(p =0.842 at Eey + 25; p = 0.828 at E,ey, — 25; unpaired t-test) within adjacent, non-GFP
neurons after neonatal hindpaw incision. C: The degree of inward rectification of Ba?*-
sensitive K™ currents (inversely related to g(grev +25)/d(Erev -25)) Was significantly lower after

Neuroscience. Author manuscript; available in PMC 2015 January 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Baccei

early injury in GABAergic (*p = 0.020 ; Mann-Whitney test; left), but not presumed
glutamatergic (p = 0.173; right), neurons of the mature SDH.
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