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1. Introduction

Approximately 80% of lamina | projection neurons in the spinal superficial dorsal horn
(SDH) innervate the parabrachial nucleus (PBN), contributing to a larger ascending pathway
through which nociceptive signals detected in the periphery reach the brain [30,80]. Spino-
parabrachial (PB) neurons respond to noxious stimuli from the first days of life [56],
suggesting that this pathway is instrumental for pain sensation in both children and adults.
PBN activation by spino-PB input contributes to the emotional valence of pain perception
through its connections with the amygdala and drives descending inhibition via rostral
ventromedial medulla (RVM) activation [10,20,33,73]. Despite the clear importance of
spino-PB neurons for pain processing, relatively little is known about the factors which
regulate the intrinsic membrane excitability of this key neuronal population, particularly
during early postnatal development. As a result, the underlying ionic mechanisms that shape
the flow of nociceptive information from the immature spinal cord to the brain are still
unclear.

Our recent work demonstrated that voltage-independent (i.e. “leak”) inward-rectifying K*
(Kjr2) channels strongly dampen membrane excitability within neonatal spino-PB neurons
[19]. Nonetheless, the complement of leak ion channels expressed in developing projection
neurons, particularly those which may constitutively enhance neuronal excitability, remain
poorly understood. The non-selective Na* leak channel NALCN [43] facilitates the firing of
neurons in the brain [50,74], and NALCN mRNA is widely expressed in the spinal cord
[50]. Unfortunately, the degree to which NALCN channels shape the excitability of spinal
projection neurons has yet to be explored at any stage of postnatal development.

The firing of spinal projection neurons is strongly controlled by neuromodulators released
from primary afferent C-fibers, including but not limited to substance P (SP) [8,9,21,66,72].
The majority (~80%) of lamina | projection neurons express the SP receptor NK1R [56,81],
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which evokes a slow membrane depolarization in dorsal horn neurons [13,31,48,81] via
multiple downstream mechanisms including the closure of G protein-coupled K* (GIRK)
channels [42,64,76,79]. Interestingly, SP has been shown to activate a NALCN-mediated
conductance in the brain [51]. This raises the intriguing, but as yet untested, possibility that
the effects of SP release on spinal nociceptive processing are mediated in part via actions on
NALCN channels expressed within SDH neurons. Given that NK1R-expressing projection
neurons are thought to be essential for mechanical and thermal hyperalgesia under
pathological conditions [56,59,68], it is important to fully understand the mechanisms by
which SP regulates action potential discharge in this population.

The present study identifies NALCN channels as both potent regulators of activity within
spinal projection neurons and key targets of SP signaling within the spinal nociceptive
network. Collectively, these results add new insight into the ionic mechanisms that govern
the level of ascending nociceptive transmission to the developing brain, and may therefore
have important implications for the neurobiological underpinnings of pediatric pain.

2. Materials and Methods

All animal experiments were conducted with strict adherence to the animal welfare
guidelines set forth by the University of Cincinnati Institutional Animal Care and Use
Committee.

2.1 Retrograde labeling of spino-parabrachial neurons in neonatal rats

On postnatal day 1 (P1), male and female Sprague-Dawley rats were anesthetized with an
intraperitoneal (1.P.) injection of a 10 : 1 mixture of ketamine (90 mg / kg) and xylazine (10
mg / kg), then secured to a custom plaster mold mounted to a stereotaxic frame (World
Precision Instruments, Inc. Sarasota, FL, USA). Under sterile conditions, lambda as well as
parts of the parietal and occipital bones were exposed by surgical incision. Using a drill
(OmniDrill-35; World Precision Instruments, Inc. Sarasota, FL, USA) fitted with a ball mill
carbide # ¥4 burr (World Precision Instruments, Inc.), a hole was made above the right PBN
at stereotaxic coordinates (in mm, with respect to lambda): - 2.7 rostrocaudal (RC), - 1.0
mediolateral (ML), - 4.3 dorsoventral (DV). FAST Dil oil (2.5 mg / ml) was loaded into a
Hamilton microsyringe (62RN; 2.5 ul) fitted with a 28-gauge needle, which was then placed
into a microsyringe injector (Micro-4; World Precision Instruments, Inc.). The needle was
positioned in the PBN, and 120 nl of Dil was injected at a rate of 25 nl / min. After the
injection, the needle position was maintained for at least 1 minute to allow for optimal Dil
delivery. The needle was carefully withdrawn, and the surgical wound was closed using
Vetbond (3M, St. Paul, MN, USA). Animals were then placed on an electric heat pad
maintained at 37 °C, under close observation, until recovery from anesthesia. Animals were
then returned to their home cage for 2—4 days prior to the initiation of the
electrophysiological studies.

2.2 Cre-dependent NALCN knockout in mouse spino-parabrachial neurons

P3 C57BL6 mice, containing loxP sites inserted to flank NALCN protein coding regions
(NALCNT: [86]), of both sexes were anesthetized by I.P. injection of a 10 : 1 mixture of
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ketamine (90 mg / kg) and xylazine (2 mg / kg). Mice were then secured in a custom 3-D
printed mold (Desktop MakerBot Replicator+ 51 generation; MakerBot Industries, LLC.,
Brooklyn, NY, USA) and secured to a stereotaxic frame (World Precision Instruments, Inc.).
Under sterile conditions, using a 30-gauge needle, a hole was made through the skin and
occipital bone over the right PBN at stereotaxic coordinates (in mm, with respect to
lambda): - 1.9 RC, - 1.0 ML, -3.0 DV. AAV1.hSyn.eGFP.WPRE.bGH (GFP; Titer: 3.86 x
1013 genome copies (GC) / ml) or AAV1.hSyn.HI.eGFP-Cre. WPRE.SV40 (Cre; Titer: 9.2 X
1012 GC / ml; University of Pennsylvania Center for Molecular Therapy of Cystic Fibrosis
Vector Core) was loaded into a Hamilton microsyringe (62RN; 2.5 pl) fitted with a 33-gauge
needle, which was then placed into a microsyringe injector (Micro-4; World Precision
Instruments, Inc.). 200 nl of viral stock was injected into the PBN at a rate of 25 nl / min.
After completion of the injection, the needle was left in place for at least 2 minutes to allow
for maximal virus delivery before it was carefully removed from the injection site. The
animals were then placed under close observation on an electric heating pad set at 37 °C
until full recovery from anesthesia. Animals were returned to their home cage where they
remained for 7-10 days before electrophysiological experiments to allow for full retrograde
transport and to ensure maximal infection and Cre / GFP expression in spino-PB neurons.
Identification of virus-infected spino-PB neurons was facilitated by the expression of
cytoplasmic GFP by AAV1-hSyn-eGFP or GFP-tagged Cre by AAV1-hSyn-eGFP-Cre.

2.3 In vitro intact spinal cord and slice preparations

Tissue preparation was performed as previously reported [19,44], and briefly described
below. P3-5 Dil-injected rat pups, or P10-14 AAV-infected mouse pups, were deeply
anesthetized with an 1.P. injection of sodium pentobarbital (30 mg / kg; Fatal-Plus, Vortec
Pharmaceuticals, Dearborn, MI, USA). Animals were then transcardially perfused with ~ 5-
10 ml of oxygenated (95% O, / 5% CO,) dissection solution composed of (in mM): 250
sucrose, 2.5 KCI, 25 NaHCO3, 1 NaH,POy, 25 glucose, 6 MgCls, 0.5 CaCl,, 25 glucose (pH
=7.2). The vertebral column was carefully isolated then placed in a dissection chamber with
dissection solution under constant oxygenation.

For the intact spinal cord preparation in rats and mice, the spinal cords were dissected out of
the vertebral column then stripped of all meninges before blocking the tissue around the
lumbar enlargement. For the spinal cord slice preparation in rats and mice, after dissection
from the vertebral column, the dorsal and ventral roots were carefully cut, and the dura
mater was carefully removed before blocking the lumbar enlargement. Lumbar enlargements
were placed into low melting point agarose gel (3% in oxygenated dissection solution;
UltraPure; Invitrogen, Carlsbad, CA, USA) maintained at 37 °C, then placed on ice until
agarose solidification. The agarose containing the isolated lumbar enlargement was then
secured to a chuck with cyanoacrylate adhesive. 300 um sagittal spinal cord slices were
made using a vibratome (7000 SMZ-2; Campden Instruments Ltd., Leicestershire, UK).
Slices were placed in an oxygenated (95% O / 5% CO>) recovery solution containing (in
mM): 92 NMDG, 2.5 KClI, 1.2 NaH,PO,4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium
ascorbate, 2 thiourea, 2 sodium pyruvate, 10 MgSQy, 0.5 CaCl, (pH = 7.3 - 7.4) at room
temperature for 15-20 minutes before being transferred to a solution of oxygenated aCSF
containing (in mM): 125 NaCl, 2.5 KCI, 25 NaHCOg3, 1 NaH,PQOy, 25 glucose, 1 MgCly, 2
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CacCl, at room temperature for 45 — 60 mins. Spinal cord preparations (intact or slice) were
then placed into a submersion-type recording chamber (RC-22; Warner Instruments,
Hamden, CT, USA), secured onto an upright microscope (BX51WI; Olympus, Center
Valley, PA, USA) and maintained under constant perfusion of oxygenated, room temperature
aCSF at a rate of 1-3 ml / min unless otherwise indicated.

2.4 Patch-clamp recordings from identified spino-PB neurons

Patch-clamp recording electrodes were constructed using thin-walled, single-filament
borosilicate glass (1.5 mm outer diameter, 1.12 mm inner diameter; World Precision
Instruments, Inc., Sarasota, FL, USA), using a microelectrode puller (P-97; Sutter
Instruments, Novato, CA, USA). Electrode tip resistances ranged from 4 to 6 MQ, which
formed seal resistances > 1 GQ. For current-clamp recordings of intrinsic excitability, or
voltage-clamp recordings of currents evoked by SP (Isp) or the GABARR agonist baclofen
(Igac), the internal recording solution was composed of (in mM): 130 K-gluconate, 10 KClI,
10 HEPES, 4 MgATP, 10 Na-phosphocreatine, 0.3 Na-GTP (pH = 7.2-7.4, 295-300 mOsm).
For use in voltage-clamp recordings of Inaicn, the internal recording solution was
composed of (in mM): 130 Cs-gluconate, 10 CsCl, 1 CaCl,, 11 EGTA, 10 HEPES, 2
MgATP (pH = 7.2-7.4, 300-305 mOsm). Using oblique infrared LED illumination, neurons
were visualized in the intact spinal cord preparation as previously described [69,78]. Spino-
PB neurons were visualized in the spinal cord slice preparations using infrared-differential
interference contrast on the microscope (BX51WI; Olympus, Center Valley, PA, USA).

For recordings of Inarcn and Igyc in Dil-labeled rat spino-PB neurons, approximately one
minute after whole-cell configuration was established, series resistance was monitored and
maintained at < 20 MQ. Additionally, all recordings of rat spino-PB Iyacn Were obtained
under voltage clamp conditions where Iya cn Was pharmacologically isolated by bath
application of aCSF containing (in uM): 10 NBQX, 20 AP5, 10 gabazine, 0.5 strychning, 1
TTX and 100 CsCl, applied at 1-3 ml / min to block fast synaptic transmission, voltage-
gated Na* currents and background K* currents, respectively. 1 uM TTX was used in all
voltage clamp recordings of InaLcn in order to block Na* leak currents mediated by
voltage-gated Na* channels [12]. In order to avoid Iy, fluctuations that have been shown to
occur when switching between CO,-HCO3;™ and HEPES buffering solutions [6], a solution
(termed “150 bath’) composed of (in mM): 135 NaCl, 14 NaOH, 2.5 KCI, 10 HEPES, 1
NaH,POy, 25 glucose, 1 MgCl,, 2 CaCl, was used in the recordings of holding current
(Inolq)- A reduction in external Na* concentration ([Na*]e) was achieved by bath application
of a solution (’15 bath”) consisting of (in mM): 111 choline chloride, 14 NaOH, 2.5 KCl, 10
HEPES, 1 NaH,POy, 25 glucose, 1 MgCls,, 2 CaCl,, followed by washout to the ‘150 bath’.
IHolg Was recorded throughout the entire sequence of perfusion changes. In some
experiments, pretreatment of spino-PB neurons with bath-applied 100 pM Gd3* (1Csp ~7-10
UM; use at 100 uM ensured ~80-90% inhibition of Iya cn [50]) occurred for = 2 min before
[Na*]e reduction. To obtain NALCN ramp currents from Dil-labeled rat spino-PB neurons,
approximately one minute after attaining the whole-cell configuration, the membrane
potential was first hyperpolarized to —100 mV, then depolarizing voltage ramps were applied
from —100 mV to =50 mV (at a rate of 0.0125 mV / msec; 5 sweeps). Five trials were
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averaged before and after 100 uM Gd3* application and the Gd3*-sensitive component was
obtained by electronic subtraction.

For experiments examining Isp and Ig,c in rat spinal cord slice preparations containing Dil-
labeled spino-PB neurons, 5 pM SP, 100 pM CsCl, 1 uM 1-[2-[(35)-3-(3,4-
Dichlorophenyl)-1-[2-[3-(1-methylethoxy)phenyl]acetyl]-3-piperidinyl]ethyl]-4-phenyl-1-
azoniabicyclo[2.2.2]octane chloride (SR140333; NK1R antagonist; Tocris Bioscience) or
100 pM R-baclofen (Hello Bio, Princeton, NJ, USA) were applied via bath perfusion. In a
subset of voltage-clamp recordings of Inacn, 50-100 uM GdCl3 or 5 uM SP were applied
via bath application. To examine the degree to which SP-evoked NALCN current involved G
protein or Src kinase signaling, 1 uM guanosine-5"-O-2-thiodiphosphate (GDPBS; G-protein
inhibitor, Tocris Bioscience) or 30 uM 3-(4-chlorophenyl) 1-(1,1-dimethylethyl)-1+-
pyrazolo[3,4-d]pyrimidin-4-amine (PP2; Src kinase inhibitor; Tocris Bioscience) were added
to the internal recording solution.

For current-clamp recordings of identified spino-PB neurons in the intact spinal cord
preparation from P3-5 rats, spontaneous activity was recorded at the resting membrane
potential (RMP) approximately 1 min after whole-cell configuration was established. Cell
capacitance was measured using the membrane test function in pClamp 10.4 (Molecular
Devices, Sunnyvale, CA, USA). All measurements of intrinsic membrane excitability in
both neonatal rats and NALCN mice were taken from RMP. Rheobase was measured by
applying depolarizing current steps (5 pA steps, 80 msec duration) until the generation of a
single action potential. Duration of action potentials was determined by measuring the
elapsed time from the firing threshold to 50% maximum amplitude during the repolarization
phase. To examine repetitive firing frequency, sustained depolarizing current steps (10 pA
steps, 800 msec duration) were applied via the patch electrode and the instantaneous firing
frequency calculated as: mean interspike interval ! at each current step. Measurements of
SP-evoked changes in firing frequency of mouse spino-PB neurons were calculated by
taking a running average of instantaneous firing frequency before vs. after the bath
application of SP. The RMP of neurons exhibiting spontaneous activity after SP
administration was calculated by measuring the average membrane potential during the
intermittent quiescent periods when the neuron was not firing action potentials.

All membrane voltage measurements were taken after liquid junction potential correction
(Clampex; pClamp 10.4, Molecular Devices). Acquired recordings of membrane voltage and
currents were filtered at 4 kHz with a =3 dB, 4-pole, lowpass Bessel filter at a digital
sampling rate of 20 kHz and stored on a personal computer (Dell Precision T1650, Round
Rock, TX, USA) through the use of pClamp 10.4 and a digitizer (Digidata 1440A,
Molecular Devices). Offline, currents were digitally filtered using a lowpass Gaussian filter
with the =3 dB cutoff set to 1000 Hz (Clampfit software; pClamp 10.4, Molecular Devices).

Brain tissue was collected from each animal used in the electrophysiological experiments
and was stored in PFA at 4° C overnight for subsequent histology to verify accurate injection
placement in the PBN.
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Images of AAV-infected spinal cord sections were obtained by a fluorescent microscope
(Olympus BX63, Olympus, Center Valley, PA, USA) using 10x and 20x objective
magnification. Single channel z-stack images were then taken with a z-axis separation of 1.0
um, which were then projected as an extended focus image (EFI) using image acquisition
and processing software (CellSens, Olympus Cell Software). All figures were compiled
using Photoshop (CS6; Adobe, San Jose, CA, USA).

2.6 Statistical analysis

The statistical analyses in this study are based on the electrophysiological recordings of 210
identified spino-PB neurons from 43 rats of both sexes and 25 mice of both sexes ranging in
age from P3-P14. All data were checked for normality using D’ Agostino-Pearson omnibus
normality tests to ensure that the appropriate statistical tests were used.

Initial characterization of NALCN currents in spinal projection neurons, and their sensitivity
to substance P, was conducted in rat in order to complement our prior characterization of
leak K* currents in lamina | spino-PB neurons [19]. For the experiment outlined in Fig. 1,
the effects of [Na], reduction on Ipo1q and RMP were ascertained from the recordings of 17
cells from 5 rats and were analyzed using a Repeated Measures (RM) one-way ANOVA with
Holm-Sidak post-tests for multiple comparisons (Prism 7.0 software; GraphPad Software;
La Jolla, CA, USA). Additionally, the change in Iyg1q and RMP in response to [Na]e
reduction after Gd3* occlusion (Control: n = 17 cells, Gd3*: n = 9 cells from 3 rats) was
compared using RM one-way ANOVA. To obtain the average Gd3*-sensitive ramp current, 5
cells were recorded from 3 rats, and the resulting linearity of the current was analyzed using
a linear regression. The effects Gd3* on spino-PB intrinsic excitability including RMP,
spontaneous activity, and rheobase were obtained from the recordings of 8 cells from 4 rats
and were compared using paired t-tests.

For the experiment determining SP interaction with NK1R, the data (Control: n = 6 cells
from 3 rats; SR140333: n = 3 cells from 1 rat) were analyzed using an unpaired t-test. For
the experiment interrogating the influence of GDPBS on Igg, a total of 9 cells were recorded
(n = 3 cells each for control, Cs* and GDPS applications) from 2 rats; the data were
analyzed using a one-way ANOVA with Holm-Sidak post-tests, with ‘blocker/inhibitor” as
the factor. For the experiment which elucidates the signaling pathway involved in SP
activation of NALCN channels, the data (Control: n =9 cells from 7 rats; GDPBS: n = 6
cells from 4 rats; Gd3*: n = 6 cells from 6 rats; PP2: n = 6 cells from 5 rats) were analyzed
using a one-way ANOVA with Holm-Sidak post-tests using ‘drug/blocker’ as a factor. Since
the inclusion of 0.3% DMSO into the electrode solution (as a vehicle control for the
intracellular administration of PP2) did not significantly alter the magnitude of SP-evoked
NALCN currents compared to the standard recording conditions (data not shown), these two
experimental groups were combined into a single “Control” group for statistical analysis.

The recent generation of NALCNf mice [86] provided a valuable opportunity to confirm
our major observations via the genetic deletion of NALCN from mouse spinal projection
neurons. In the experiment which determined the influence of NALCN channel expression
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in spino-PB neurons, the effects of AAV1-GFP (n = 15 cells from 4 mice) vs. AAV1-Cre
treatment (n = 14 cells from 6 mice; for rheobase and firing frequency analysis, n = 13 cells)
on RMP, spontaneous activity, and rheobase were compared using unpaired t-tests. The
firing frequency analysis was performed using a two-way ANOVA with ‘virus’ and
‘stimulation intensity’ as factors, followed by Holm-Sidak post-tests for multiple
comparisons. In the same experiment, RMP measurements were obtained from the
recordings of 9 cells from 3 GFP-infected mice before and after Gd3* application and were
compared to the RMP measurements of 8 cells from 4 Cre-infected mice before and after
Gd3* using a two-way ANOVA with Holm-Sidak post-tests, using ‘blocker’ and “virus’ as
factors. Similarly, the rheobase measurements of 9 cells from the same 3 GFP-infected mice
were compared to the rheobase measurements of 7 cells from the same 4 Cre-infected mice
using two-way ANOVA with Holm-Sidak post-tests, using ‘blocker’ and ‘virus’ as factors.
For the experiment which tested the effect of NALCN channel knockout on SP-evoked
firing, the recordings of RMP and spontaneous activity of spino-PB neurons (GFP: n =8
cells from 6 mice; Cre: n = 8 cells from 5 mice) before and after SP application were
compared using two-way ANOVA with Holm-Sidak post-tests, using ‘drug’ and ‘virus’ as
factors.

The following sections will use ‘n’ in reference to the number of neurons sampled in each
group. Data are expressed as means + SEM, and p-values < 0.05 resulting from statistical
tests were considered statistically significant.

3.1 Pharmacological reduction of NALCN current dampens the intrinsic excitability of rat
spino-parabrachial (PB) neurons

In order to determine the presence of a Na* leak conductance in ascending projection
neurons, patch-clamp recordings were obtained from identified rat spino-PB neurons in an
intact spinal cord preparation, while the extracellular concentration of Na* ([Na*].) was
reduced to 15 mM (*15 bath’; Fig. 1A). The reduction of [Na*], caused a significant shift in
holding current (Io1) (N = 17, t(16) = 9.28, p < 0.0001; Fig. 1B, /eff) and a significant
hyperpolarization of the RMP (n = 17, t16) = 10.75, p < 0.0001; Fig. 1B, right). Both the
effects on Io1g and RMP were reversible upon washout (WO) (Ipoig WO: n =17, t(16) =
9.63, p <0.0001; RMP WO: n =17, (1) = 7.02, p < 0.0001) with a solution containing 150
mM [Na*]e (‘150 bath’). The sensitivity of the leak Na* conductance to a known NALCN
blocker, GACl3, was then examined (Fig. 1C). Bath application of Gd3* significantly
reduced the total change in I (Control: n =17, Gd3*: n=9, t(24) = 5.93, p < 0.0001; Fig.
1D) and significantly reduced the magnitude of RMP hyperpolarization (Control: n = 17,
Gd3*:n=9, to4) = 7.4, p <0.0001; Fig. 1E) in response to the reduction in extracellular [Na

“Te-

The properties of the Na* leak conductance in identified rat spino-PB neurons were further
characterized by voltage-clamp recordings of ramp currents in the absence and presence of
Gd3* (Fig. 2A, /eff). The resultant Gd3*-sensitive components of the ramp currents, which
were averaged and fitted with a regression line (y = 0.62x + 9.6, r2 = 0.93; n = 5; Fig. 2A,
right), are consistent with Inai cn corresponding to a voltage-independent, non-selective
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cation current. Under current-clamp conditions, patch-clamp recordings from spino-PB
neurons in the absence and presence of Gd3* were used to determine the effects of NALCN
conductance on their intrinsic excitability. A reduction of NALCN conductance in response
to Gd3* application significantly hyperpolarized the RMP (Control and Gd3*: n = 8 in each
group, t7) = 4.7, p = 0.002; Fig. 2B, 2D), reduced the rate of spontaneous action potential
generation (n = 8 in each group, t7) = 3.33, p = 0.013; Fig. 2E), and increased the rheobase
(n =8 in each group, t7) = 4.97, p = 0.0016; Fig. 2C, 2F). Notably, every sampled spino-PB
neuron in the above experiments (Figs. 1, 2) exhibited a significant shift in Igq and
intrinsic excitability in response to either 15 bath’ or Gd3* application (27 of 27 cells
examined), suggesting that NALCN expression is a general feature of immature spino-PB
neurons.

3.2 NALCN channel knockout significantly dampens the intrinsic excitability of mouse
spino-PB neurons

Although GdCls effectively blocks NALCN [50], it has also been shown to inhibit other ion
channels [11,32]. Therefore, we employed a genetic strategy to delete NALCN from spino-
PB neurons to further support our conclusion that NALCN channels constitutively enhance
intrinsic membrane excitability in this population. Following the injections of either AAV1-
hSyn-GFP (GFP) or AAV1-hSyn-eGFP-Cre (Cre) into the PBN of NALCNf mice (Fig. 3),
patch-clamp recordings were subsequently obtained from identified GFP-expressing and
Cre-expressing spino-PB neurons in the intact spinal cord preparation (Fig. 4A and 4B). The
Cre-dependent knockout of NALCN channels significantly hyperpolarized the RMP
(Control: n =15, Cre: n = 14, t(57) = 6.48, p < 0.0001; Fig. 4C), decreased the rate of
spontaneous firing (Control: n = 15, Cre: n = 14, to7) = 2.92, p < 0.0001; Fig. 4D), elevated
rheobase levels (Control: n = 15, Cre: n = 13, t(26) = 4.48, p < 0.0001; Fig. 4E), and had an
overall main effect on the repetitive firing frequency (Control: n = 15, Cre: n = 13, F(19 519)
= 25.4, p < 0.0001; Fig. 4F).

Importantly, NALCN knockout significantly altered the RMP response to Gd3* application
(Control: n =9, Cre: n =8, F(1,30) = 13.9, p = 0.0008; Fig. 4G), as Gd3* significantly
hyperpolarized the RMP in control GFP-expressing neurons (Control: n = 9, Gd3*: n = 8,
t(30) = 2.56, p = 0.03; Fig. 4G, /eff) while having no significant effect on spino-PB neurons
after NALCN knockout (Control: n =9, Gd3*: n =8, t30) = 0.98, p = 0.98; Fig. 4G, right).
Similarly, Gd3* application significantly raised rheobase levels in GFP-expressing spino-PB
neurons (Control: n =9, Gd3: n=7, teg) = 2.7, p = 0.02; Fig. 4H, /ef?), but did not affect the
rheobase in Cre-expressing projection neurons (Control: n =9, Gd3: n =7, tog)=0.11,p=
0.33; Fig. 4H, righ?). These data strongly support the notion that the previously observed
effects of Gd3* on the intrinsic excitability of spino-PB neurons are due to an inhibition of
NALCN activity.

3.3 Substance P (SP) activates NALCN in spinal projection neurons via Src kinase

signaling

While it has been well-documented that SP can increase the excitability of dorsal horn
neurons, the underlying mechanisms are not yet fully understood. As demonstrated
previously [17,31,65], SP application evoked a transient inward current in ~93% (14 of 15)
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of rat spino-PB neurons in the spinal cord slice preparation, which is consistent with prior
studies showing that ~85% of spino-PB neurons exhibit neurokinin-1 receptor (NK1R)
immunoreactivity during the neonatal period [56]. As expected, this SP-evoked current was
blocked by the selective NK1R antagonist SR140333 (Control: n = 6, SR140333: n = 3, t(7
=2.86, p = 0.024; Fig. 5A-C). Under the above physiological conditions, these inward
currents could potentially reflect a decreased conductance through G protein-activated
inward-rectifying K* (GIRK) channels, an increase in NALCN conductance, or both. To
distinguish between these possibilities, we sought to prevent NK1R signaling to GIRK
channels by including GDPS in the intracellular solution (to inhibit G protein activation)
and/or bath applying Cs* (to block K* channels). First, to confirm the inhibition of this
signaling pathway, we examined the effects of GDPBS and Cs* on the response of spino-PB
neurons to the selective GABAgR agonist R-baclofen (Fig. 5D), which is known to activate
GIRK channels in a G protein-dependent manner [34,84]. Baclofen-induced currents (Igac)
were significantly reduced by both extracellular Cs* (te) = 5.89, p = 0.0018; Fig. 5E, G) and
intracellular GDPBS (t() = 6.09, p = 0.0018; Fig. 5F, G) compared to control conditions (n =
3 in each group).

Despite the block of K* channels (including GIRK channels) by Cs*, the bath application of
SP still evoked a transient inward current in spino-PB neurons (Fig. 6A) that was
significantly reduced by the administration of external Gd3* (Control: n =9, Gd3*: n =6,
t(23) = 5.32, p = 0.0001; Fig. 6B, E), suggesting that the observed current reflected the
activation of NALCN channels (and thus termed Isp_narcn)- While the intracellular
application of GDPS blocked Iggc in the prior experiment, it had no significant effect on
Isp-naLcn compared to control measurements (Control: n =9, GDPBS: n = 6, t22) = 1.002,
p = 0.55; Fig. 6C, E) suggesting that G protein signaling was not involved. Meanwhile, as
reported previously in hippocampal neurons [51], blocking Src signaling (with intracellular
application of PP2) significantly reduced the magnitude of Igp_narcn COmpared to the
control group (Control: n =9, PP2: n =6, t(23) = 4.57, p = 0.0007; Fig. 6D, E).

3.4 SP-evoked excitation of spinal projection neurons critically depends on NALCN

expression

The effects of NALCN knockout on SP-evoked firing of mouse spino-PB neurons were
evaluated by obtaining current-clamp recordings from both GFP- and Cre-expressing
neurons in response to the bath application of SP to spinal cord slices (Fig. 7A-C). Prior to
the application of SP, the membrane potential of all sampled neurons was adjusted to
approximately —65 mV to account for the hyperpolarizing shift in RMP produced by the
genetic deletion of NALCN. Importantly, NALCN knockout significantly ameliorated the
depolarizing effects of SP (n = 8 in each group, F(1 2g) = 17.23, p = 0.0003; Fig. 7D), as SP
significantly depolarized the RMP of spino-PB neurons that expressed GFP (tg) = 4.16, p =
0.0006; Fig. 7D, fefy), but had no significant effect on the RMP of spino-PB neurons
expressing Cre (t2g) = 1.7, p = 0.1; Fig. 7D, righf). In the control group expressing GFP, SP
application could evoke rhythmic burst-firing (Fig. 7A) although the vast majority of spino-
PB neurons exhibited an irregular or tonic pattern of discharge (Fig. 7B). Notably, SP
evoked a significantly higher rate of action potential generation in projection neurons that
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expressed GFP compared to those expressing Cre (n = 8 in each group, F1 2g) = 4.62, p =
0.04; Fig. 7E).

4. Discussion

Despite the fundamental importance of spinal projection neurons to the ascending pain
pathway [30,80], the ionic mechanisms that modulate their excitability are still incompletely
understood. While recent reports demonstrate the influence of the Na* leak channel NALCN
on the excitability of neurons in the brain [50,51,74], the degree to which these channels
shape the output of spinal nociceptive circuits at any stage of life remained unknown. The
present results demonstrate, for the first time, that NALCN channels enhance the intrinsic
excitability of neonatal spino-parabrachial neurons and their responsiveness to substance P
(SP). Collectively, these findings suggest that NALCN channels strongly regulate the flow of
nociceptive signals to the developing brain.

Our data clearly indicate that NALCN channels constitutively elevate the intrinsic membrane
excitability of spinal projection neurons across multiple species and govern spontaneous
firing within these key output cells of the SDH network (Figs. 2, 4, 7). These findings are
consistent with prior studies showing that Ina cn increases neuronal excitability and
modulates the function of brain circuits involved in respiration, locomotion, chemoreception,
and glycolytic sensitivity [22,50,52,53,74]. Our previous work has shown that the level of
spontaneous activity (SA) in neonatal projection neurons depends on their supraspinal target,
as neurons innervating the periaqueductal gray (PAG) exhibit less spontaneous firing
compared to spino-PB neurons [19]. The increased level of SA in spino-PB neurons cannot
be attributable to a distinct expression of classic inward-rectifying K* (i.e. K;,2) leak
channels, as the density of K;;2 conductance was similar in immature spino-PB vs. spino-
PAG projection neurons [19]. Given the considerable heterogeneity of ion channel
expression that has been documented among various subpopulations of SDH neurons
[18,27,85], it will be interesting to determine whether NALCN channels are differentially
expressed across distinct subsets of lamina | projection neurons. Nonetheless, the wide
distribution of NALCN mRNA throughout the spinal cord [50] suggests that these channels
are found in many subtypes of spinal neurons, although functional studies of NALCN
conductance in these other subpopulations remain to be performed. Overall, these results add
to the growing body of evidence indicating that voltage-independent channels are powerful
determinants of intrinsic excitability within the SDH [14,19,46] and can strongly regulate
nociceptive signal transduction and transmission [55,60].

The ability of NALCN channels to shape the activation of projection neurons during early
life raises the possibility that alterations in NALCN conductance could have prolonged
consequences for the functional organization of spinal and supraspinal pain circuits.
Spontaneous firing can influence neurotransmitter expression, axon growth, and
synchronization of network activity in the developing spinal cord [4,25,70,83], and also
shape the early maturation of brain circuits [28,29,37,49,87]. However, it is important to
note that NALCN channels may regulate the firing of projection neurons throughout life.
Since the present analysis exclusively focused on the excitability of this population during
the early postnatal period, further studies are needed to comprehensively examine how age
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may influence NALCN expression and its role in shaping the output of the spinal pain
network.

The excitatory effects of the NK1R agonist SP on spinal dorsal horn neurons [13,48,54,64],
and other CNS neurons [39,57,89], are required for the sensitization of central nociceptive
circuits [31,38,47] which is thought to contribute to pathological pain. SP-evoked
depolarization has been shown to rely on G-protein signaling, leading to increased voltage-
gated Ca* spikes, reduced voltage-gated K* currents, and GIRK channel inhibition
[42,64,76,79]. The present findings demonstrate that NALCN channels represent an
additional downstream target of peptidergic signaling in spino-PB neurons and are in fact
essential for SP-mediated excitation of this population. Importantly, our results do not
exclude GIRK channels as key effectors of SP signaling in the SDH, as these channels are
known to powerfully modulate spinal nociceptive transmission and pain sensitivity [60,61].
It remains highly possible that both the activation of NALCN channels and the closure of
GIRK channels are required for the suprathreshold excitation of spinal projection neurons by
SP, which warrants further exploration using GIRK knockout mice [60]. SP may thus drive
the activation of ascending spinal projection neurons via multiple signaling pathways
operating in parallel. The degree to which this may reflect the expression of multiple
isoforms of NK1R, which can differ in the relative contribution of p-arrestin and G protein
signaling [7,58,82], within projection neurons remains to be determined.

As reported previously in hippocampal and VTA neurons [51], we also found that NALCN
currents in spinal projection neurons were increased by SP through a G protein-independent
mechanism that involves Src kinase signaling (Figs. 5, 6). Src is known to be upregulated in
the dorsal horn under pathological conditions and contributes to pain hypersensitivity under
both neuropathic [36] and inflammatory [77] conditions. While Src activity within spinal
microglia has been linked to the sensitization of spinal nociceptive circuits [90], it can also
potently regulate synaptic function within dorsal horn neurons via the modulation of
GIuN2B-containing NMDARs [71,75,88]. The activation of Src family kinases in dorsal
horn neurons can be triggered by BDNF [15] via mechanisms involving an alteration in
intracellular CI~ homeostasis [26]. Interestingly, Src signaling also facilitates the
potentiation of NMDARS by intracellular sodium [88]. Therefore, Src activation occurring
downstream of NK1R activation [51] could potentially enhance NMDAR function in spinal
projection neurons both directly, by altering the phosphorylation of the GIUN2B subunit
[26], and indirectly via an increased Na* influx through NALCN channels. This would be
predicted to exert a significant influence on activity-dependent synaptic plasticity in the
SDH, given the critical contribution of NMDARs to multiple forms of long-term
potentiation (LTP) in lamina | projection neurons [31,45].

The ablation of NK1R-expressing spinal neurons, which include projection neurons,
attenuates mechanical and thermal hyperalgesia in response to capsaicin, inflammation or
nerve injury [40,56,59,68]. However, the functional consequences of NALCN deletion
within spino-parabrachial neurons for behavioral pain sensitivity remain to be determined.
An obvious obstacle to addressing this key issue using the present experimental approach is
that, while the NALCN knockout is selective for ascending projection neurons at the level of
the spinal cord, significant deletion of NALCN also occurs in the parabrachial nucleus near
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the site of AAV-Cre administration. Obtaining a selective knockout of NALCN from spinal
projection neurons will necessitate the development of new experimental tools to allow for
the application of an intersectional genetic strategy, as recently employed in the study of
interneurons within the spinal dorsal horn [5,16]. Alternatively, the injection of an AAV
vector encoding a tamoxifen-inducible Cre recombinase could be combined with local
injections of the tamoxifen metabolite (z)-4-hydroxytamoxifen into the lumbar SDH in order
to drive a localized activation of Cre, as described elsewhere in the CNS [1,41]. If the
selective knockout of NALCN from spinal projection neurons can be achieved, it would be
of great interest to examine the subsequent effects on both reflexive and non-reflexive assays
of pain sensitivity, as the latter measures may yield more insight into the ongoing pain seen
in human patients [62,63]. Certainly, the known importance of the spino-parabrachio-
amygdaloid pathway for the regulation of the emotional-affective dimensions of pain
[2,23,24,67] might predict a significant effect of NALCN knockout in projection neurons on
pain aversion or pain-associated depressive behaviors [3,35].

In conclusion, the current results demonstrate that the Na* leak channel NALCN is a strong
regulator of intrinsic membrane excitability in developing spino-parabrachial neurons and
plays a critical role in their activation by the neuropeptide Substance P. These findings
therefore suggest that any changes in NALCN conductance within this neuronal population,
such as those evoked by Src kinase signaling, will have profound consequences for the level
of ascending nociceptive transmission to supraspinal pain networks.
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Figure 1. Neonatal rat spinal projection neurons express a NALCN-like Na* leak current that is
sensitive to Gd3*

A. Representative trace of holding current (I4g1q) in response to a reduction of extracellular
Na* concentration ([Na*]e) to 15 mM. Gray bar, 150 mM [Na*],; Black bar, 15 mM [Na*]e.
Scale bars: 20 pA, 20 s. B. A reduction of [Na*]. to 15 mM caused a significant positive
shiftin Ipoig (13.73 £ 1.48 pA; n = 17, t(16) = 9.28, *** p < 0.0001, RM one-way ANOVA;
left panel), and significantly hyperpolarized the resting membrane potential (RMP; 17.04
+1.59 mV; n =17, t(3) = 10.75, *** p < 0.0001, RM one-way ANOVA,; right panel). Both
effects were reversible upon washout (WO) with the normal bath solution (*** p < 0.0001,
RM one-way ANOVA with Holm-Sidak post-test). C. Representative trace of lgq in
response to a reduction of [Na*], after Gd3* occlusion. Thin black line, 100 uM Gd3*
application. Scale bars: 20 pA, 20 s. D. Gd3* application significantly reduced the overall
change in lo|q in response to [Na*]e reduction (by 12.27 + 2.07 pA; Control: n = 17, Gd3*:
n=9; tp4) = 5.93, *** p <0.0001, unpaired t-test). E. RMP hyperpolarization in response to
15 mM [Na*], was prevented by the application of Gd3* (Control: n = 17, Gd3*: n = 9; t )
=7.4,*** p<0.0001, unpaired t-test).
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Figure 2. Pharmacological reduction of InaLcn dampens the intrinsic excitability of immature
spino-PB neurons

A. Left panel: representative trace of whole-cell ramp current before (black trace) and after
100 uM Gd3*application (gray trace indicated by black arrow). Scale bars: 20 pA, 125 msec.
Right panel: average of Gd3*-sensitive ramp current fitted with a regression line (y = 0.62x
+9.6, r2 = 0.93; n = 5), consistent with a voltage-independent, mixed cation conductance. B.
Representative trace of spontaneous activity in a rat spino-PB neuron illustrating a reduction
in firing after the bath application of 10 uM Gd3*. Scale bars: 20 mV, 20 s. C.
Representative examples of action potential discharge at rheobase before (left panel) and
after (right panel) Gd3* application. Scale bars: 20 mV, 10 msec. D — F. 10 uM Gd3*
application significantly hyperpolarized RMP (by 7.29 + 1.55 mV; n =8, t(7y = 4.7, ** p =
0.002, paired t-test; D), reduced the frequency of spontaneous action potential generation
(by 1.49 £ 0.44 Hz; n = 8, t(7) = 3.33, * p = 0.013, paired t-test; E), and increased rheobase
levels (by 11.25 +2.27 pA; n = 8, t(7) = 4.97, ** p = 0.0016, paired t-test; F) in spino-PB
neurons.
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Figure 3. Genetic strategy to delete NALCN from ascending spinal projection neurons
P3 C57BL6 mice containing loxP sites flanking the NALCN gene (NALCN) were injected

with control AAV1-hSyn-GFP or AAV1-hSyn-eGFP-Cre into the lateral parabrachial
nucleus (PBN). A. Representative image of a 25 pm horizontal section of lamina | from a
P17 mouse spinal cord after 200 nl intracranial injection of AAV1-hSyn-GFP into the
parabrachial nucleus (PB) on P3, illustrating the cystolic expression of GFP within lamina |
spino-PB neurons. Scale bar: 50 um. B. Representative image of a 50 pm horizontal section
of lamina | from a P17 mouse spinal cord after 200 nl intracranial injection of AAV1-hSyn-
eGFP-Cre into the PB at P3, which results in expression of the Cre-GFP fusion protein in the
nucleus of lamina | spino-PB neurons. Scale bar, 200 pm.
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Figure 4. NALCN knockout decreases the intrinsic excitability of spino-PB neurons
A — B. Representative traces of spontaneous activity from control GFP (A; n = 15) and

NALCN knockout (B) spino-PB neurons (n = 14 for comparisons in C and D; and n = 13 for
comparisons in E and F). Scale bars: 10 mV, 10 s. C — F: NALCN knockout in mouse
projection neurons resulted in significant RMP hyperpolarization (by 15.69 + 2.42 mV; t,7
= 6.48, *** p < 0.0001, unpaired t-test; C), a reduction in the rate of spontaneous firing (by
1.32 £ 0.45 Hz; tp7) = 2.92, ** p = 0.007, unpaired t-test; D), a significant increase in

rheobase levels (by 19.64 + 4.38 pA,; t26) = 4.48, *** p = 0.0001, unpaired t-test; E), and an
overall decrease in evoked firing frequency (F(19 519) = 25.4, *** p < 0.0001, two-way
repeated measures ANOVA,; F). G. Knockout of NALCN in spino-PB neurons resulted in an
overall insensitivity of the RMP to Gd3* application (n = 17 total, F,30) = 13.9, p = 0.0008,
two-way ANOVA). Gd3* application significantly hyperpolarized the RMP of GFP-infected
neurons (by 8.29 + 3.24 mV; n = 9 in each group, t(3g) = 2.56, * p = 0.03, Holm-Sidak post-
test; /eff), while having no significant effect on spino-PB projection neurons infected with
Cre (n = 8 in each group, t(3p) = 0.98, p = 0.33, Holm-Sidak post-test). H. Gd3* application
significantly increased rheobase in GFP-infected projection neurons (by 15 + 5.46 pA;n =9
in each group, tpg) = 2.7, * p = 0.02, two-way ANOVA, Holm-Sidak post-test; /ef?) but not
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in spino-PB neurons with NALCN knockout (0.71 + 6.19 pA; n =7 in each group, t(g) =
0.11, p = 0.33, Holm-Sidak post-test; righi).
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Figure 5. Strategy to explore the effects of Substance P (SP) on spinal projection neurons in the
absence of GIRK activation

A. Representative current trace of g in response to 5 uM Substance P (SP; Igp). Black
line indicates the bath application of SP. B. Representative current trace of lyq1q in response
to 5 M SP, in the presence of the NK1R antagonist SR140333 (1 uM). Black line, bath
application of SP in the presence of SR140333. Scale bars in A, B: 10 pA, 20 s. C. Transient
inward Igp is significantly reduced in the presence of SR140333 (by 16.9 £ 5.91 pA; SP: n =
6, SR140333: n = 3; t(7) = 2.86, * p = 0.024, unpaired t-test). D — F. Representative traces of
outward currents evoked by the GABAgR agonist R-baclofen (100 pM; D) in identified
spino-PB neurons in the presence of 100 uM extracellular Cs* (E) or 1 uM intracellular
GDPBS (F). Scale bars in D — F: 10 pA, 20 s. G. The mean amplitude of baclofen-evoked
current (Igc) Was significantly reduced in the presence of Cs* or GDPBS (n = 3 in each
group, F(2 6 = 23.9, p = 0.0014, one-way ANOVA). The application of Cs* significantly
reduced I, (by 10.83 + 1.84 pA; t(g) = 5.89, ** p = 0.0018, Holm-Sidak post-test).
Intracellular application of GDPS also significantly decreased Iggc (by 11.21 + 1.84 pA,;
te) = 6.09, ** p = 0.0018, Holm-Sidak post-test).
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Figure 6. SP activates NALCN channels in rat spino-PB neurons via Src kinases
A — B. Under the experimental conditions detailed in Fig. 5, SP evoked a transient inward

current (A; n = 9) that was blocked by Gd3* (100 uM; n = 6; B), suggesting that the current
was mediated by NALCN channels (Isp.naLcn)- C — D. Isp.naLcn Was resistant to
intracellular GDPBS (1 uM; n = 6; C), but was significantly reduced by the intracellular
application of the Src kinase inhibitor PP2 (30 uM; n = 6; D). Scale bars in A and C: 10 pA,
20s; B and D: 10 pA, 10 s. E. The amplitude of Isp_narcn Varied significantly in the
presence of Gd3*, GDPBS, and PP2 (F(4,22) = 9.85, p = 0.0001, one-way ANOVA). Gd3*
application significantly reduced Isp.nacn COMpared to control measurements (by 17.13
+3.22 pA; Control: n = 9, Gd3*: n = 6; t(23) = 5.32, *** p = 0.0001, Holm-Sidak post-test)
while GDPBS administration did not significantly decrease Isp.yaLcn When compared to
controls (by 3.23 + 3.22 pA; Control: n =9, GDPBS: n = 6; t23) = 1.002, p = 0.55, Holm-
Sidak post-test). Meanwhile, PP2 significantly reduced Isp.nar cn COmMpared to control
measurements (by 14.71 + 3.22 pA; Control: n = 9, PP2: n = 6; t(p3) = 4.57, *** p = 0.0007,
Holm-Sidak post-test).
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Figure 7. NALCN channel knockout significantly reduces substance P-evoked firing in spinal
projection neurons

A — C. Representative traces of SP-evoked firing in identified GFP (A, B) and NALCN
knockout (C) spino-PB neurons. RMP was maintained near —65 mV prior to SP application.
Scale bars in A: 20 mV, 10 s; B: 20 mV, 5 s; C: 10 mV, 10 s. Black arrow indicates a
representative region where RMP measurements were obtained during SP application. D.
The effects of SP (5 uM) application on the RMP varied significantly between spino-PB
neurons that were infected with GFP versus spino-PB neurons after NALCN knockout (n =
8 in each group, F(1 2g) = 17.23, p = 0.0003, two-way ANOVA). SP application significantly
depolarized control GFP-expressing spino-PB neurons (by 6.90 + 1.66 mV; t(og) = 4.16, ***
p = 0.0006, Holm-Sidak post-test) but had no significant effect on neurons with NALCN
knockout (2.8 £ 1.66 mV; t(og) = 1.7, p = 0.1, Holm-Sidak post-test). E. SP-evoked action
potential generation was significantly greater in control GFP-expressing projection neurons
versus NALCN knockout projection neurons (n = 8 in each group, F(; 28) = 4.62, * p = 0.04,
two-way ANOVA).
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