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Abstract

Following a spinal cord injury (SCI), secondary damage mechanisms are triggered that
cause inflammation and cell death. A key component of this secondary damage is a reduc-
tion in local blood flow that initiates a well-characterised ischemic cascade. Downstream
hypoxia and acidosis activate acid sensing ion channel 1a (ASIC1a) to trigger cell death.
We recently showed that administration of a potent venom-derived inhibitor of ASIC1a,
Hi1a, leads to tissue sparing and improved functional recovery when delivered up to 8 h
after ischemic stroke. Here, we use whole-cell patch-clamp electrophysiology in a spinal
cord slice preparation to assess the effect of acute ASIC1a inhibition, via a single dose of
Hi1a, on intrinsic membrane properties and excitatory synaptic transmission long-term after
a spinal cord hemisection injury. We focus on a population of interneurons (INs) in the deep
dorsal horn (DDH) that play a key role in relaying sensory information to downstream moto-
neurons. DDH INs in mice treated with Hi1a 1 h after a spinal cord hemisection showed no
change in active or passive intrinsic membrane properties measured 4 weeks after SCI.
DDH INs, however, exhibit significant changes in the kinetics of spontaneous excitatory
postsynaptic currents after a single dose of Hi1a, when compared to naive animals (unlike
SCI mice). Our data suggest that acute ASIC1a inhibition exerts selective effects on excit-
atory synaptic transmission in DDH INs after SCI via specific ligand-gated receptor chan-
nels, and has no effect on other voltage-activated channels long-term after SCI.

Introduction

Acidification of the central nervous system (CNS) microenvironment is a key mechanism of sec-
ondary damage within the CNS. Vascular damage after a spinal cord injury (SCI) causes a marked
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reduction in blood flow to tissue surrounding the lesion. Neurons and glia in the center of the
ischemic territory, where blood flow is lowest, are rapidly and irreparably damaged. However, at
the periphery of this area of primary damage, the peri-injury region, collateral vessels maintain
perfusion above the threshold for immediate cell death [1] and thus a cascade of secondary dam-
age evolves over a period of hours to days. In the absence of sufficient blood flow, the resulting
hypoxia in the peri-injury region forces neurons to function in an anaerobic state, which in turn
causes a build-up of extracellular H* and acidification in the region (tissue acidosis).

Acid-sensing ion channels (ASICs) detect tissue acidosis. ASICs are a family of proton-
gated ion channels that are permeable to Na* and activated by H" [2]. After ischemic stroke or
SCI, downstream hypoxia and acidosis in the brain or spinal cord activate ASIC1a, a receptor
subtype that is highly expressed in the CNS (as well as immune cells) and is additionally per-
meable to Ca** [3-7]. In the brain, this triggers RIP1-kinase-mediated necroptotic cell death
[8]. Increased ASICla expression has been shown to occur 3-24 h after traumatic SCI in the
peri-injury zone with a converse decrease in expression at the lesion epicentre [9]. Knockout
or knockdown of ASICla expression and specific pharmacological inhibition of ASICla are
neuroprotective, leading to tissue sparing long-term after SCI and ischemic stroke [9-14].
However, pan-ASIC inhibition using amiloride, or ablation of the ASICI gene, has been
reported to enhance excitotoxic cell death in an in vitro model of SCI [15]. Although the role
of ASICla in brain plasticity has been robustly investigated, the effect of ASIC1a inhibition on
neuronal transmission in the uninjured spinal cord, or after SCI, remains unknown [16].

A critical population of interneurons (INs) located in the deep dorsal horn (DDH) of the
spinal cord (laminae III-V) carry out the processing of somatosensory input and, importantly,
act to shape motor output [17-19]. In rodents, descending corticospinal tract inputs also ter-
minate in the DDH [17, 20], meaning that DDH INs serve as the all-important ‘link’ between
upper and lower motoneurons. Indeed, alterations in the intrinsic membrane properties and
excitatory synaptic transmission of DDH IN populations, measured via whole-cell patch
clamp electrophysiology, have been shown to correlate with motor improvements after SCI
[21]. DDH INs have additionally been shown to be responsive to interventions, such as exer-
cise training, demonstrating long-term alterations to membrane conductances and synaptic
transmission up to 9 weeks after SCI [22-24]. Electrophysiological readouts from this unique
spinal cord IN population are thus a robust measure of post-SCI neuronal plasticity in spinal
cord motor circuits. How this critical population of INs responds to a neuroprotective treat-
ment, such as ASICla inhibition, has not yet been investigated.

We hypothesised that limiting ischemia-induced activation of neuronal ASICla after SCI
might minimise the extent of secondary damage and improve neurological outcomes, as mea-
sured by whole-cell patch-clamp electrophysiology of DDH INs in a mouse spinal cord slice
preparation. Currently the most potent inhibitor of ASICla is Hila, a recently discovered dou-
ble-knot venom peptide. Hila inhibits both human and rat ASIC1a with an ICs; of ~500 pM
[12]). Here we used a single moderate dose of Hila (25 pg, i.v.), administered acutely after a
spinal cord hemisection (1 h post-SCI), to probe the effects of ASICla inhibition on long-term
changes to intrinsic membrane and excitatory synaptic transmission properties of DDH INs.
This study provides, for the first time, a direct and detailed readout of functional properties of
spinal cord INs after SCI and acute ASICla inhibition.

Materials and methods
Mouse hemisection model of SCI

All procedures performed for these experiments were approved by the RMIT University Ani-
mal Ethics Committee (Approval number AEC1710). Animals were obtained from RMIT
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University Research Animal Facility. The study was not pre-registered. Mice with incomplete
SCI (lateral hemisection) were used for this study. This injury results in ipsilateral hindlimb
paralysis post-surgery. Since the contralateral leg remains functional, mice exhibit normal
behaviour in the recovery period after surgery. Mice can be housed together within days, and
thus experience normal social interactions. Hemisection (as opposed to contusion) SCI is pre-
ferred for electrophysiological studies as it provides viable tissue in the peri-injury region to
assess the electrophysiological properties of INs.

The procedures for spinal cord hemisection surgery have been described previously [21-
26]. The timeline for the following procedure and subsequent experiment is shown in S1 Fig.
Briefly, a left T10 spinal cord hemisection (between T10 and T11 spinal nerves) was adminis-
tered to adult male C57/Bl6 mice (RRID:IMSR_JAX:000664; aged 9-10 weeks) under isoflur-
ane anaesthesia, allowing mice to awaken shortly after surgeries to be monitored. A single
experienced surgeon performed all surgeries to control for procedural variability. No randomi-
sation of animals was performed. During each surgery, the depth of anaesthesia and body tem-
perature were monitored and recorded at regular intervals. To minimise animal suffering, we
employed a number of analgesics for treatment post-surgery. Firstly, post-surgical analgesia
was provided by subcutaneous (s.c.) buprenorphine (0.1 mg/kg) and carprofen (5 mg/kg)
administered immediately after anaesthesia induction at the beginning of each surgery. Addi-
tional post-surgical analgesia was provided by carprofen (5 mg/kg) every 12 h for 48 h,and a 1
cm? fentanyl patch (Duragesic 12 mcg/h) placed on the shoulder which delivered steady anal-
gesia for 72 h post-surgery. Mice also received s.c. saline injections every 12 h for 72 h, deliver-
ing hydration support. Nutritional support was achieved by providing mash (soaked chow
pellets) and nutritional gels until normal feeding behaviour returned, usually at 48-72 h post-
surgery. The fentanyl patch was removed after 72 h of recovery in isolated cages, then mice
were returned to their normal home cage groups of 2-4 mice. Mice were assessed for motor
function at 3 days post-surgery. Exclusion criteria were applied to mice that exhibited paralysis
of both hindlimbs; they were not included in the study and were instead humanely euthanised
using an intraperitoneal (i.p.) injection of sodium pentobarbitone (100 mg/kg, Virbac; n = 4).
Mice were allowed to recover for four weeks post-surgery and then humanely euthanised as
described below for whole-cell patch-clamp electrophysiology experiments.

Mice were split into three experimental cohorts for this study: naive, SCI, and SCI + Hila
(Table 1). Naive mice received no surgery (i.e., were uninjured) and received no treatment
intervention. SCI and SCI + Hila groups both underwent identical spinal cord hemisection
surgery. The SCI + Hila group additionally received acute treatment with the ASIC1a inhibi-
tor Hila (25 g i.v.) via tail vein injection 1 h after SCI surgery. Following the rules of reduc-
tion, refinement, and replacement (RRR), and due to the level of technical challenge for these
experiments, we did not include a sham surgery group. Recombinant Hila was produced as

Table 1. Treatment and experimental group numbers.

Treatment group Experimental Numbers
Electrophysiology experiments (# of mice) Intrinsic properties (# of INs) Synaptic properties (# of INs)
Naive 36 36 25
Control SCI 17 20 24
SCI + Hila (25 ug, i.v.) 14 30 27

Statistical power was calculated using G*Power 3.1 [27] using o = 0.05. Tissue was collected from: (i) Naive mice (no intervention); (ii) SCI mice; and (iii) SCI + Hila
mice (25 pg Hila in 0.2 ml of saline i.v.). The total number of mice allocated to each cohort is indicated. For intrinsic membrane and synaptic properties, the number of
DDH INs recorded using whole-cell patch-clamp electrophysiology is indicated.

https://doi.org/10.1371/journal.pone.0289053.t001
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described previously [12]. Due to the nature of the data in which no parameters can be modi-
fied by the experimenter, no blinding was performed.

Electrophysiological recordings were made from naive mice at 8-13 weeks of age, whereas SCI
and SCI + Hila cohorts were 12-13 weeks old at the time of electrophysiology experiments.
Experiments were performed first on naive animals, and subsequently the SCI cohorts. Earlier
research showed no difference in outcome between these age groups [23, 24]. Mice were
humanely euthanised as described below, for in vitro whole-cell patch-clamp electrophysiology 4
weeks after the SCI surgery or, for naive mice, at 12-13 weeks of age. This was the primary end-
point of the experiment. A unique spinal cord slice preparation was used to perform whole-cell
patch-clamp electrophysiology experiments to examine the effect of Hila on DDH IN function
(S1B Fig). The spinal cord was prepared using a method previously described [22, 28]. Mice were
deeply anaesthetised using ketamine (100 mg/kg i.p.) and transcardially perfused with ice-cold,
oxygenated, sucrose artificial cerebrospinal fluid (sACSF containing in mM: 250 sucrose, 25
NaHCOs, 11 glucose, 2.5 KCl, 1 NaH,PO,, 6 MgCl,, and 1 CaCly; pH 7.3-7.4). The animal was
then decapitated, eviscerated, and the torso isolated and submerged in ice-cold sSACSF. The spinal
cord was carefully extracted using a ventral approach, then the T5-T13 section of the cord was
isolated. Note that this spinal cord segment fully encompasses the T10 lesion site including the
peri-injury region (S1B Fig). The section was then mounted on agar (6%) on the cutting stage
with cyanoacrylate glue. Using a vibratome (HM 650 V; Microm, Walldorf, Germany or
VT1200s, Leica Microsystems, Nuslock, Germany), a single 250-uM thick horizontal slice was
taken that includes the dorsal horn, intermediate zone, and a continuous strip of the dorsal col-
umns containing the corticospinal tract. The spinal cord slice was placed under a custom-made
platinum and nylon net and equilibrated for 1 h at room temperature (22-25°C) prior to record-
ing, a procedure used extensively by our group and others [21-23, 28, 29]. As bath temperature is
known to modify specific intrinsic neuronal properties (Graham, Brichta [30]), temperature in
the bath/recording chamber was maintained constant via an in-line heater paired to a temperature
probe in the bath and set to maintain the bath temperature at 23-24°C via a feedback loop.

Throughout the equilibration period and continuously during electrophysiology experi-
ments, the spinal cord slice was perfused with ACSF oxygenated with medical carbogen (95%
0, and 5% CO, resulting in a pH of 7.3-7.4), containing (in mM): 118 NaCl, 25 NaHCO;, 11
glucose, 2.5 KCI, 1 NaH,PO,, 1 MgCl,, and 2.5 CaCl,.

Whole-cell patch-clamp electrophysiology

All experiments were performed at room temperature, and between 8 am and 8 pm. Whole-
cell patch-clamp electrophysiology recording procedures were based on protocols previously
described by Rank, Flynn [23]. Briefly, recordings were made using an Axopatch 200B ampli-
fier (Molecular Devices, Sunnyvale, USA). Borosilicate glass patch pipettes (1.5 mm OD x 1.16
mm ID; Harvard Apparatus, Kent, UK) were pulled to a tip resistance of 3-5 MQ and filled
with a K*-gluconate internal solution, pH 7.2, 290-300 mOsm/kg (in mM: 135 KCH3SO,, 6
NaCl, 2 MgCl,, 10 HEPES, 0.1 EGTA, 2 MgATP, and 0.3 NaGTP). Data were recorded using
AxoGraph X software (AxoGraph Scientific, Sydney, Australia), using a sampling rate of 50
kHz with 2-10 kHz filtering. DDH INs were targeted for recording using infrared differential
interference contrast (DIC) optics. Prior to recording, photographs of the entire horizontal
slice were taken in a sequence of images using an Olympus DP50 digital camera and View-
finder lite software (Olympus, Tokyo, Japan). After each recording was complete, the location
of the DDH IN was photographed with the patch pipette still in contact. Using an averaged
template of the spinal cord slice, DDH IN locations were plotted on the schematic template
(see Fig 1), ensuring that they were all within two spinal segments of the lesion.
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Fig 1. Location of recorded DDH INs from SCI experimental groups. Schematic with approximate location of recorded DDH INs in the vicinity of a SCI
on a horizontal slice, based on tiled image mapping. Lighter areas of shading represent the grey matter and darker areas for white matter, which are well
defined under infrared differential interference contrast (IR-DIC) optics. INs from untreated SCI group (filled circle) and SCI + Hila treatment group (open
triangle) were recorded using whole-cell patch-clamp electrophysiology at a maximum of two spinal cord segments from the lesion epicentre. The spinal cord
slice was divided into five location-based regions: contralateral caudal (CC); contralateral rostral (CR); ipsilateral caudal (IC); ipsilateral rostral (IR) and
contralateral to the lesion epicentre (CL) (within dashed rectangle, at T10).

https://doi.org/10.1371/journal.pone.0289053.9001

Passive and active intrinsic membrane properties were recorded from DDH INs as follows:
resting membrane potential (RMP), input resistance (Ir), rheobase current, action potential
(AP) threshold, and after-hyperpolarisation (AHP) amplitude. AP firing properties such as
discharge type, AP peak and width were also analysed. Excitatory synaptic transmission was
analysed from recordings of spontaneous excitatory postsynaptic currents (SEPSCs). Finally,
subthreshold currents were activated and identified using specific ramp protocols as described
below.

Electrophysiological recordings

The whole-cell recording configuration was initially established in voltage-clamp mode (hold-
ing potential -60 mV; series (access) resistance < 26 MQ) [29, 31, 32]. Holding potential is
consistent with the average RMP seen for INs in all cohorts (Fig 2A). A 5 mV square hyperpo-
larising step (10 ms duration, 10 repetitions) was used to monitor series and input resistance.
All recordings were adjusted by -10 mV to adjust for the calculated liquid junction potential
(LJP) between the ACSF and internal patch pipette solution [33].

Only INs with a stable Iy of above 100 MQ were included for analysis, as lower values reflect
adverse cellular conditions [34]. Real-time measures of Iy were monitored using the in-built
test pulse window in the data acquisition software (AxoGraph X). The test-pulse program esti-
mates series resistance and membrane resistance by fitting an exponential to the decaying
phase of the response to a 5 ms -10 mV pulse step in voltage-clamp mode. The accuracy of
series and membrane resistance measures was confirmed manually and calibrated at the onset
of each experiment. The number of INs with an access resistance of 20-26 MQ included for
analysis were as follows: naive: n = 5 out of 24, SCI: n = 6 out of 24 and SCI + Hila: n = 8 out
of 27. The series resistance values for naive (mean + SD: 18.8 + 3.7 MQ), SCI (19.8 + 3.3 MQ)
and SCI + Hila (17.8 £ 4.2 MQ) INs showed overall only a small deviation from 20 MQ. How-
ever, as access >20 MQ has been proposed to reflect poor electrical access and insufficient volt-
age clamp of the membrane, Spearman’s r correlation statistics were performed [34]. This
revealed no significant difference between any parameters measured when INs with a series
resistance of higher than 20 MQ were included (S5 Table). This mixed population of DDH INs
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have complex dendritic arbours that likely extend across several spinal segments. Ensuring
adequate space clamp of electrotonically distant synapses is technically very challenging.
Although we cannot ensure that our space clamp was faultless, all recordings were made under
similar conditions and therefore any issues associated with poor space clamp in dendrites is
expected to be similar across all preparations.

AP properties and discharge characteristics were examined by injecting square current
pulses (20 pA increments, 800 ms duration). Individual APs were captured using a derivative
threshold method, with the threshold set at a dV/dt value between 10 and 15 V/s. Rheobase cur-
rent was defined as the smallest step current that elicited at least one AP. AP threshold, peak
amplitude (measured from point of inflection to peak), and afterhyperpolarisation (AHP) peak
(measured from point of AHP inflection to negative peak) were quantified from rheobase APs.

We documented the incidence of discharge patterns across each experimental group as
these properties reflect specific ion channel expression patterns [35]. AP discharge patterns
were classified into four specific patterns, as previously reported [29, 35, 36]. Single spiking
(SS) INs discharge a single AP at each current step; tonic firing (TF) INs discharge a train of
APs; initial bursting (IB) INs discharge 2-5 APs at the beginning of the current step; and
delayed firing (DF) INs discharge APs only towards the end of the step. INs that could not be
clearly classified into one of these groups were classified as ‘mixed’ (Fig 3A).

The frequency-current (F-I) relationship for INs that displayed TF discharge patterns was
also examined. To determine the F-I relationship, the AP frequencies were averaged and plot-
ted against each current step increment, with the slope of the line indicating the F-I gain. F-I
plots for individual cells consistently displayed linear relationships; the slope was calculated for
individual cells (Fig 3E) before aggregating the data (Fig 3F). The gain of the F-I plot reflects
the amplification properties of DDH ING.

The expression of several voltage-gated ion channels is known to underlie different AP dis-
charge patterns in mouse dorsal horn INs [29, 37, 38]. For example, hyperpolarisation-acti-
vated cyclic nucleotide-gated (HCN) channels such as HCNI, 2 and 4 contribute to fast
spiking patterns in mice [39, 40]. Specific ablation of Cay3.2 channels alters neuron firing type
in the mouse dorsal horn to mainly TF and DF patterns [41]. Potassium currents in the dorsal
horn of the mouse have been shown to be driven by rapid outward K™ A-current (I,), slow
outward K* A-current (I,) and low-threshold activated T-type Ca** current (Cay3, Ic,) [42].

To investigate the prevalence of different subthreshold currents we applied a specific volt-
age-clamp protocol from a holding potential of -60 mV to evoke subthreshold currents [29]. A
hyperpolarising pulse to -90 mV (1 s duration) was delivered followed by a depolarising step
to —40 mV (200 ms duration) (Fig 5A). Automated P/N leak subtraction was used to remove
capacitive and leakage currents. There are three main types of voltage-activated subthreshold
currents evoked by this protocol: I,; Ins; and Ic, [42].

Spontaneous excitatory synaptic currents (SEPSCs) were recorded for a minimum of 180 s
using a holding potential of -60 mV and analysed offline. ASICla has been shown to contrib-
ute to postsynaptic signalling and is present in all regions of the spinal cord, including dorsal
horn neurons in both rats and mice, with the mouse isoform bearing 98% similarity to the
human channel [43-49]. Previous work has shown that under these conditions in this model,
SEPSCs are exhibited as inward currents (see example trace in Fig 5A-5C) driven by a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), as the majority are elim-
inated by addition of 10 uM of the AMPAR antagonist CNQX [28].

sEPSC frequency was calculated from captured events using a template in AxoGraph to
detect sSEPSCs between 5-120 pA (excluding noise and APs) over 180 s of recording. Manual
screening was also performed to filter noise captured by the template. The captured and fil-
tered SEPSCs were averaged to acquire peak amplitude (baseline to current peak), rise time
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Fig 2. Passive and active membrane properties of DDH INs in naive, SCI, and SCI + Hila treated mice. Individual values are shown, with

mean + SD. (A) Schematic to demonstrate active membrane properties, as measured through APs (AP amplitude, AP width and AHP amplitude). B-
D: Passive membrane properties. (B) RMP for DDH INs for naive uninjured mice (“Naive”; open circles, n = 22 neurons), SCI mice (“SCI”; filled
circles, n = 24), and SCI mice treated with Hila (“SCI + Hila”; open triangle, n = 27), (C) Iy for naive (n = 24), SCI (n = 24) and SCI + Hila (n = 27)
(D) rheobase for naive (n = 35), SCI (n = 18) and SCI + Hila (n = 29). E-H: Active membrane properties (E) AP properties in spinal cord DDH INs of
naive, SCI and SCI + Hila mice. (F) AP threshold for neurons from naive (n = 36 neurons), SCI (n = 20), and SCI + Hila (n = 30). (f) AP amplitude
for naive (n = 36), SCI (n = 20) and SCI + Hila (n = 30). (G) AP width for naive (n = 36), SCI (n = 20) and SCI + Hila (n = 30). (H) AHP amplitude
for naive (n = 36), SCI (n = 20) and SCI + Hila (n = 30). NS: Significance tested using ordinary one-way ANOVA with Tukey’s multiple comparisons
test (B, D, E, G and H) or Kruskal-Wallis non-parametric one-way ANOVA with Dunn’s multiple comparisons (C and F).

https://doi.org/10.1371/journal.pone.0289053.9g002

(measured from 10-90% of peak amplitude), half-width (calculated at 50% of peak amplitude),
and decay time constant (calculated over 20-80% of the decay phase).

Statistical analyses

Data distribution and normality were assessed using Kolmogorov-Smirnov and Shapiro-Wilk
tests. Since our experimental design includes multiple comparisons across three experimental
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(dark grey, n = 10), IB (light grey, n = 11), SS (white, n = 2) and mix (striped, n = 4); (C) SCI mice (“SCI”) for TF (black, n = 11 neurons), DF (dark grey, n = 3),
IB (light grey, n = 4), SS (white, n = 0) and mix (striped, n = 2); (D) SCI mice treated with Hila (“SCI + Hila”) for TF (black, n = 11 neurons), DF (dark grey,

n =7), B (light grey, n = 11), SS (white, n = 1) and mix (striped, n = 0). NS: significance tested using two-tailed Fisher’s exact tests. (E) Sample plot from single
TF IN, showing linear slope. (F) F-I plots for DDH INs displaying the tonic firing (TF) discharge pattern plot from rheobase (R) to +120 pA for DDH INs for
naive uninjured (open circle, n = 8), SCI (filled circle, n = 10), and SCI + Hila (open triangle, n = 11). Mean + SD, NS: Significance tested using mixed effects
analyses. (G) Amplification properties (gain) calculated from F-I plots, with mean + SD (between rheobase up to +120 pA) for DDH INs for naive uninjured
(n=8), SCI (n = 10), and SCI + Hila (n = 11).

https://doi.org/10.1371/journal.pone.0289053.g003

groups, the use of multiple t-tests to undertake these comparisons increases the possibility of
statistical error [50]. Therefore, parametric data with a normal distribution were analysed
using an ordinary one-way analysis of variance (ANOVA), followed by Tukey’s multiple com-
parison post-hoc tests. Non-parametric data were analysed by Kruskal-Wallis one-way
ANOVA with Dunn’s multiple comparisons post-hoc tests. x2 and two-tailed Fisher’s exact
tests were used to compare nominal data (AP discharge categories and subthreshold current
types). To evaluate the impact of series resistance and RMP variability on reported values we
performed two-tailed Spearman’s r correlation analyses (S5 and S6 Tables) which indicated
that neither series resistance nor RMP had a significant effect on the membrane or sEPSC
parameters measured. Relative and cumulative frequency of SEPSC rise time data were binned
(0.3 ms and 0.2 ms bins, respectively) and the bins were compared using a two-way ANOVA
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Fig 4. Select voltage-gated subthreshold currents recorded from DDH INs in naive, SCI and SCI + Hila treated mice. (A) Voltage-step protocol used to
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grey, n = 4), I, (light grey, n = 3), and mix (white, n = 4). NS: significance tested using two-tailed Fisher’s exact tests.

https://doi.org/10.1371/journal.pone.0289053.9004

and Tukey’s multiple comparisons post-hoc tests. Significance for all statistical analyses was
set at p < 0.05. All statistical analyses were performed using Prism 7 (GraphPad Software Inc.,
LaJolla, USA). Results are reported as mean + standard deviation (SD). Statistical power was
calculated using G*Power 3.1 [27] using o = 0.05 and a moderate effect size (d = 0.7), deter-
mined from previously reported membrane and synaptic properties [21-23].

Results and discussion

We examined selected intrinsic properties in DDH INs following incomplete SCI in mice
treated, via a single intravenous injection, with the ASICla inhibitor Hila 1 h after surgery.
The same intrinsic properties were also recorded in DDH INs from SCI mice and uninjured
naive mice. Data were obtained from neurons located within two spinal cord segments of the
T10 hemisection injury (Fig 1). Values for all results, including those not stated in text, are
noted in S1-S6 Tables.

Proximity of INs to spinal cord lesion

Each spinal cord slice was photographed in its entirety under brightfield conditions with
40-fold magnification while the slice was equilibrating in the recording chamber. Individual
images were montaged in PowerPoint. Each recorded neuron was additionally photographed
and the location on the spinal cord slice mapped onto a template spinal cord slice schematic
(see Fig 1). To determine whether the location of the DDH IN relative to the spinal cord lesion
had any effect on the electrophysiological parameters measured in the study, we designated
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Fig 5. sEPSC frequency and current kinetics in DDH INs of naive, SCI and SCI + Hila mice. For all plots, each marker indicates averaged data from an
individual IN and horizontal lines indicate mean + SD. (A) Raw trace of sSEPSCs recorded in voltage-clamp mode from -60 mV holding potential. (B)
Individual sEPSCs isolated from a raw trace and overlaid. (C) Average of isolated SEPSCs demonstrating measured sEPSC properties (average half-width, rise,
peak and decay). (D) Average sEPSC frequency for DDH INs from naive uninjured mice (“Naive”; open circles, n = 25 neurons), SCI mice (“SCI’; filled circles,
n = 24), and SCI mice treated with Hila (“SCI + Hila”; open triangle, n = 27). (E) Average peak amplitude for naive (n = 25), SCI (n = 24) and SCI + Hila
(n=27). (F) Average rise time for naive (n = 25), SCI (n = 24) and SCI + Hila (n = 27). (G) Average half-width for naive (n = 25), SCI (n = 24) and SCI + Hila
(n=27). (H) Average decay time for naive (n = 25), SCI (n = 24) and SCI + Hila (n = 27). *P < 0.05 from one-way ANOVA with Tukey’s multiple

comparisons.

https://doi.org/10.1371/journal.pone.0289053.9005

neuron location as one of five areas— (i) contralateral caudal (SCI, n = 3; SCI + Hila, n = 4),
(ii) contralateral rostral (SCL n = 7; SCI + Hila, n = 11), (iii) ipsilateral caudal (SCI, n = 8; SCI
+ Hila, n = 4), (iv) ipsilateral rostral (SCI, n = 2; SCI + Hila, n = 2), and (v) contralateral to
epicentre (SCL n = 2; SCI + Hila, n = 2)—and compared areas for each electrophysiological
parameter.

IN location had no effect on intrinsic membrane (R;,, rheobase current and RMP) or active
action potential (AP) properties (AP threshold, AP amplitude, AHP amplitude) in SCI or SCI
+ Hila treated mice (S3 Table). There was no effect of IN location for active membrane prop-
erties (SEPSC frequency, rise, decay, half-width and peak) in either cohort, other than sEPSC
frequency, between the contralateral caudal versus contralateral rostral regions of the spinal
cord (Dunn’s multiple comparisons test: p <0.005) for Hila-treated animals. We note that
grouped mean sEPSC frequency data, from all spinal cord regions, is not significantly different
between the SCI and SCI + Hila experimental groups. The results we report here are similar to
those reported previously [21, 23, 24] and suggest that all neurons in close proximity, at least
two spinal segments, of the spinal cord lesion were similarly affected by the spinal cord hemi-
section injury and acute Hila treatment.

Intrinsic membrane properties in DDH Ins

Passive intrinsic membrane properties (RMP, Iy and rheobase) of DDH INs from naive, SCI,
and SCI + Hila cohorts are shown in Fig 2. There was no significant difference across or
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between experimental groups for any of the intrinsic membrane properties tested (one-way
ANOVA with multiple comparisons), namely RMP (Fig 2B), I (Fig 2C) and rheobase (Fig
2D). RMPs were slightly hyperpolarised for the SCI (-63.07 mV + 9.84) and SCI + Hila treated
(-64.45 mV + 10.95) mice when compared to naive (-60.7 mV + 9.43). Taken together, the
data indicate that acute inhibition of ASICla via single i.v. dose of Hila after SCI has no lasting
effects on the passive intrinsic membrane properties of DDH INs.

To measure active intrinsic membrane/AP properties, AP current steps ranging from
0-240 pA were injected in current clamp, using a maximum of 13 current steps to evoke APs.
Injected current required to elicit threshold APs was not different for naive (mean + SD:

83.33 + 58.65 pA), SCI (78.00 £ 57.26 pA) and SCI + Hila (71.33 + 41.91 pA) INs. One-way
ANOVA tests with Tukey’s multiple comparisons testing did not reveal any significant differ-
ences between the active membrane properties of spinal cord DDH INs in the naive, SCI and
SCI + Hila experimental groups, including AP threshold (Fig 2E), AP amplitude (Fig 2F), AP
width (Fig 2G) and AHP amplitude (Fig 2H). Importantly, analysis using Spearman’s rank cor-
relation revealed no significant effect of RMP on any AP parameters within cohorts (S5 Table).

AP discharge patterns and TF frequency in DDH INs

To assess the effect of acute single-dose ASIC1a inhibition on long-term changes to specific
ion channel conductances of DDH INs, we examined the incidence of AP discharge patterns
across the three experimental groups (naive, SCI and SCI + Hila). AP discharge patterns were
elicited by injecting an 800 ms square-step depolarising current into spinal cord DDH INs
from RMP. AP current steps ranged from 0-240 pA, using a maximum of 13 current steps to
evoke APs for naive (mean + SD: 83.33 + 58.65 pA), SCI (78.00 + 57.26 pA) and SCI + Hila
(71.33 £41.91 pA). The resulting AP discharge patterns can be categorised into four groups as
described previously [21-24]: tonic firing (TF), initial bursting (IB), delayed firing (DF) or sin-
gle spiking (SS) (Fig 3A). Each of the four discharge categories reflect the expression of specific
ion channel conductances and therefore provide a reliable readout of the properties of specific
voltage-gated subthreshold currents [29, 37, 38, 51], notably voltage-gated Na* and delayed-
rectifier K* currents. SS INs were found to exhibit APs at any point during the current step,
but typically at current step onset. We also included a designation here (mixed) for INs that
exhibited multiple discharge patterns in response to depolarising current steps, which reflected
the expression of multiple simultaneous ion channel conductances (Fig 3A).

All four major discharge patterns (TF, IB, DF and SS) were observed in the experimental
groups (naive, SCI and SCI + Hila), with the notable exception of the SS discharge category
absent from the SCI group. Additionally, the proportion of neurons exhibiting each discharge
pattern differed. The relative prevalence of DF and IB discharge patterns is similar across naive
and SCI + Hila mice when compared to the prevalence of these same discharge patterns in the
SCI group (Fig 3B-3D). DDH INs in the SCI group did not exhibit a SS firing pattern, whereas
both naive and SCI + Hila mice showed a low prevalence of SS firing INs. DDH INs recorded
from the SCI group exhibited the TF discharge patterns as the dominant AP firing type,
whereas in the naive group, the IB discharge pattern was dominant and, in the SCI + Hila
group, the highest incidence was split between TF and IB. Although statistically significant dif-
ferences were not present, some reorganisation of all discharge patterns was observed across
the treatment groups. This likely reflects the heterogeneity of the population of INs in the
DDH with differences in the expression of specific ion channel conductances in SCI mice,
whether or not they were treated acutely with an ASICla inhibitor, as compared to naive unin-
jured mice. When compared using two-tailed Fisher’s exact tests, there were no significant dif-
ferences in DDH IN AP discharge patterns across naive, SCI and SCI + Hila groups.
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As the TF discharge pattern is the dominant AP discharge pattern expressed by DDH INs
of the SCI group we examined whether acute ASICla inhibition via Hila treatment affected
the firing frequency and gain of INs expressing the TF phenotype (F-I plots; Fig 3F). Firing fre-
quencies are presented as normalised to rheobase as there were no significant differences in
rheobase across the naive, SCI and SCI + Hila groups (Fig 2D). Data were plotted to a maxi-
mum of +120 pA from rheobase. There were no significant differences in firing frequency
between groups at any current step.

The modulation of gain in the frequency of AP firing is a central feature of neural informa-
tion processing [52-54]. We sought to understand whether DDH INs exhibit long-lasting
changes in information processing capacity after SCI and acute ASICla inhibition by calculat-
ing the gain for TF INs in naive, SCI and SCI + Hila groups. Gain was measured as the slope
of the F-I (input-output) relationship over input currents ranging from rheobase to +120 pA
(Fig 3E-3G). Analyses using Kruskal-Wallis non-parametric one-way ANOVA with Dunn’s
multiple comparisons demonstrated no significant differences across the experimental groups
in the gain of TF INs. Firing frequency tended to be lower in naive animals compared to the
SCI groups with no significance observed between groups when mixed effects analyses were
performed. This suggests that information processing parameters of DDH INs are changed
with SCI alone, but are not differentially affected when SCI animals receive acute treatment
with Hila.

Subthreshold currents

The expression of specific voltage-gated ion channels underpins AP discharge patterns in
DDH INs [21-23]. We used a specific voltage-clamp protocol that clearly identifies three
major subthreshold currents: I,, I5s and Ic,. I, and I, were quantitatively distinguished by a
sharp peak (Ior) versus a sloping peak (I5s) (Fig 4A) [42]. In some neurons (22-29% across
experimental groups), more than one ‘dominant’ subthreshold current existed, typically com-
binations of I, and Ic,. These were classified as ‘mixed’ currents. The protocol we use to iso-
late subthreshold currents (Fig 5A) first hyperpolarises the neuron to —-90 mV (1 s duration),
from a holding potential of -60 mV (the average RMP for recorded DDH INs across groups
was —62.2 mV; Fig 2B). This is followed by a depolarising step to —40 mV (200 ms duration),
before returning to the -60 mV holding potential. It is important to note that the value of -40
mV is typically subthreshold for APs in DDH INs (Fig 2D); nonetheless, in some cases cur-
rents could not be resolved due to AP contamination.

Subthreshold currents were clearly resolved in 9 out of 14 (64%) in the naive group, 8 of 15
neurons (53%) in the SCI group and 14 out of 21 (67%) in the SCI + Hila group (Fig 4). Inter-
estingly, we were unable to resolve any I, currents from DDH INs in the SCI group. A two-
tailed Fisher’s exact test showed no significant differences in the incidence of any of the sub-
threshold currents across the experimental groups however, as reported for AP discharge pat-
terns, some reorganisation of subthreshold current expression was nonetheless observed
across the treatment groups. This consistency in the redistribution of discharge categories and
causal subthreshold currents further reflects the heterogeneity of the population of recorded
interneurons in the DDH, and the subtle adaptations this diverse group of INs expresses after
SCI or treatment with Hila.

Spontaneous excitatory synaptic transmission

To assess whether acute inhibition of ASICla channels has a lasting effect on the presynaptic
network or postsynaptic neuronal excitability, we recorded sSEPSCs from DDH INs across the
three experimental groups. Under our recording conditions (holding current of -60 mV, K*-
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gluconate internal solution) sEPSCs appear as inward currents (Fig 5A-5C) and have previ-
ously been shown to be mediated via the activation of AMPA-type glutamate receptors [28],
because they are abolished by 10 uM CNQX [28, 55].

No significant differences in the frequency of EPSCs across naive, SCI and SCI + Hila
groups were revealed via Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparison
analyses indicating that neither SCI nor acute treatment with Hila have meaningful effects on
presynaptic network excitability in the DDH.

However, pronounced changes were observed in many EPSCs kinetic parameters. Individ-
ual sEPSC:s for each recorded DDH IN were averaged and the peak amplitude (baseline to
peak negative current), rise time (10-90% of peak amplitude), half-width (measured at 50% of
peak amplitude) and decay time constant (20-80% of the decay phase) were determined (Fig
5A-5C). A significantly decreased rise time, half-width and decay time constant for sEPSCs in
SCI + Hila DDH INs compared to naive INs (Fig 5F-5H) was revealed via analyses by one-
way ANOVA with Tukey multiple comparisons or Kruskal-Wallis one-way ANOV A with
Dunn’s multiple comparisons. However, there was no significance between naive and SCI, nor
SCI and SCI + Hila groups in these same parameters, despite the apparent difference in data
spread of sEPSC rise time represented graphically in Fig 5F (mean rise time + SD: naive
1.27 £ 0.43 ms; SC1 0.98 + 0.20 ms and SCI + Hila 1.02 + 0.31 ms).

Peak amplitude was not different between any groups (Kruskal-Wallis one-way ANOVA
with Dunn’s multiple comparisons). Overall, this indicates that sSEPSC kinetics have reduced
temporal components long-term after SCI when animals are treated with Hila. This reflects
changes in specific excitatory receptor (AMPA-type glutamate) kinetics, or the somatodendri-
tic location of glutamatergic receptors, that manifest in the changed temporal components of
SEPSCs.

The altered rise time, half-width and decay time constants of sSEPSCs long-term after SCI
has been reported to result from changes in glutamatergic receptor kinetics, synapse location
on a the somatodendritic tree [56], or changes in dendritic architecture [57]. To further probe
whether acute Hila treatment alters glutamatergic receptor kinetics or changes the synaptic or
dendritic architecture of DDH INs, we assessed the relationship between sEPSC amplitude
and rise time. To visualise these findings, peak SEPSC amplitude was plotted against rise time
for naive (10,505 sEPSCs), SCI (11,902 sEPSCs) and SCI + Hila groups (14,646 sEPSCs). Over-
all, the data visualisation shows little variability in rise time across the three experimental
groups (Fig 6A-6C). Indeed, the relative frequency of specific rise time values was plotted for
sEPSCs from all experimental groups (Fig 6D-6F) and there were no significant differences in
the relative frequency of binned rise times (two-way ANOVA, Tukey’s multiple comparison
test). In the cumulative frequency plots of rise times (Fig 6G), a clear leftward shift in the
cumulative frequency plot is evident in the SCI and SCI + Hila groups versus the naive mice.
When using two-way ANOVA, the main column effect revealed the SCI and SCI + Hila
groups to be significantly different from naive (P < 0.0001). However, when using row com-
parisons, this shift was only significant between the SCI + Hila and naive experimental groups
for events with shorter duration rise times (< 3.6ms; two-way ANOVA, Tukey’s multiple com-
parison test). This is consistent with the faster rise times in SEPSCs recorded from INs from
the SCI + Hila group (Fig 5F) and further reinforces that these changes are prevalent only for
excitatory events with shorter rise times in Hila-treated mice.

Together these analyses show an absence of significant electrotonic filtering in DDH IN
networks for SCI mice, both with and without Hila treatment, compared to naive mice. Thus,
a substantive alteration in synapse location or architecture of the somatodendritic arbor of
DDH INs is unlikely. The faster sSEPSC kinetics in both SCI experimental groups therefore sug-
gest that changes in glutamatergic receptor kinetics occur in DDH INs after SCI.
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Fig 6. Lack of electrotonic filtering in naive, SCI and SCI + Hila mice. (A-C) Scatterplots of average SEPSC peak
amplitude vs rise time in naive (light grey, n total SEPSCs = 10,505 sEPSCs), SCI (black, n = 11,902) and SCI + Hila
(dark grey, n = 14,646) mice. (D-F) Relative frequency of sEPSC rise times in naive (light grey, n = 10,505), SCI (black,
n =11,902) and SCI + Hila (dark grey, n = 14,646) mice. (G) Cumulative frequency (%) of sSEPSC rise times in naive
(light grey), SCI (dark grey) and SCI + Hila (dashed line) mice.

https://doi.org/10.1371/journal.pone.0289053.g006
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Discussion

In this study we administered a single intravenous dose of Hila, a potent venom-derived
inhibitor of ASICla, to assess long-term effects of acute ASICla inhibition on intrinsic mem-
brane properties and excitatory synaptic transmission after SCI in adult mice. We used whole-
cell patch-clamp electrophysiology in a horizontal spinal cord slice preparation to record
intrinsic and synaptic properties of INs in the DDH that play a key role in relaying sensory
information to downstream motor neurons. The spinal cord slice preparation used in this
study is based on an extensive body of research showing that DDH INs communicate with the
corticospinal tract, and contribute to plasticity post-SCI [17, 21-24, 28, 55, 58]. Spinal cord
neuronal populations naturally exhibit morphological and physiological heterogeneity. The
population of DDH INs we recorded from possess axons that do not leave the spinal cord and
are comprised of a heterogeneous population of long or short propriospinal neurons and com-
missural neurons [59]. Neuron identity was not defined in our recordings, and thus data are a
random sample from the DDH IN population.

Here, we summarise two key findings: (1) both SCI and SCI + Hila treatment preserved
passive intrinsic or specific voltage-gated channel properties and (2) significant changes to
SsEPSCs properties were only observed in Hila-treated SCI mice when compared to naive ani-
mals. This highlights the selective effects of acute ASICla inhibition on specific ligand-gated
receptor channels (i.e., glutamatergic receptors that mediate EPSCs) long-term after SCI, but
not on other voltage-activated channels such as outward K* channels that mediate subthresh-
old voltage-activated currents.

1. No changes to passive intrinsic or specific voltage-gated channel
properties

Firstly, DDH INs from SCI and SCI + Hila treated animals did not exhibit lasting changes to
passive or active intrinsic membrane properties at 4-weeks post injury. The proportion of AP
discharge patterns between experimental groups were not significantly different (Fig 3B-3D),
nor were there any detectable differences between experimental groups in the proportion of
voltage-gated subthreshold currents that are known to underlie the specific AP discharge cate-
gories (Fig 5B-5D). When we applied a specific voltage protocol to elicit and compare select
voltage-gated subthreshold currents, we were unable to detect any significant differences in
the prevalence of I, I5 or I, currents across the experimental groups. However, an observ-
able, but not statistically detectable, reorganisation of the proportion of both AP discharge pat-
terns and voltage-gated subthreshold currents was present. Collectively these data reflect the
diversity of the responses to SCI and SCI + Hila treatment from the heterogeneous population
of DDH INs we recorded from and, moreover, indicate that SCI and/or acute treatment with
Hila does not exert significant long-term effects on the specific voltage-activated channels that
underlie intrinsic membrane, AP firing, or AHP properties.

2. sEPSC kinetics are altered in Hila-treated mice

sEPSCs are a measure of network and neuronal excitability. ASIC1a is necessary for motor
learning by regulating plastic responses in spiny neurons, involved in N-methyl-D-aspartate
receptor (NMDAR) mediated long-term depression in the hippocampus, associated with
AMPAR trafficking evoking long-term synaptic potentiation, and involved in modulating neu-
ronal transmission in the mouse Calyx of Held [60-63]. Increased presynaptic vesicle release is
seen in hippocampal neurons cultured from ASICla knockout mice, suggesting that ASICla is
expressed presynaptically [64]. Yet postsynaptic ASICla-dependent currents have been
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detected during synaptic transmission in the medial nucleus of trapezoid body neurons [65].
The prevailing evidence therefore suggests that ASIC1a is in some way involved in synaptic
transmission, either pre- or post-synaptically (or both).

In our study, sEPSC kinetics (half-width, rise time, and decay time) were significantly
decreased in Hila-treated SCI mice versus naive animals, indicating that DDH INs from
Hila-treated SCI mice have decreased temporal components and faster kinetics at the post-
synaptic membrane (more so than with SCI alone). As EPSCs in the horizontal spinal cord
slice model and under the specific recording conditions used here have previously been shown
to be mediated via the activation of AMPA-type glutamate receptors [28], our data suggest that
acute inhibition of ASICla has long-term postsynaptic effects on excitatory synaptic transmis-
sion. We postulate a number of factors to explain this. Individual sEPSC kinetics could be
faster due to: (i) increased presynaptic excitatory synaptic drive; (ii) synapse location on a neu-
ron’s somatodendritic tree/changes in dendritic architecture [56, 57]; and (iii) changes in post-
synaptic glutamatergic receptor subunits, distribution, or both. It is prudent to keep in mind
that this study was performed at 4 weeks post-Hila administration, and these changes are
driven by Hila intervention at a crucial time (1 h) post-SCI when tissue acidification in the
peri-injury region—as well as ASICla expression—is substantively increased (Hu et al., 2011).
In addition, we note that the data clusters for SCI versus naive animals for rise time exhibit a
similar data spread to SCI + Hila; given the sample size and values shown, the potential of a
Type II error in these analyses should be considered.

(i) Excitatory synaptic drive or increased excitatory INs unlikely

It was previously shown ASICla expression is increased on inhibitory GABAergic INs com-
pared to excitatory INs [66, 67]. A reduction in glycinergic neurotransmission suggests a loss
of inhibitory drive in radial neurons after partial sciatic nerve ligation [68]. Therefore, our data
may relate to a preferential loss of inhibitory INs, leading to a loss of inhibitory modulation
and thus increased excitatory synaptic drive or an increased number of excitatory INs. How-
ever, we see no significant difference of AP thresholds between groups (despite a more hyper-
polarised AP threshold in Hila-treated mice), nor in sEPSC frequency or between firing
patterns to suggest changes to excitatory phenotypes [51, 69-71].

(ii) Increased complexity of dendritic arbour unlikely

Electrotonic filtering, the phenomenon of attenuated synaptic potentials from more distal
input—resulting in slower currents—reflects the distance of the recorded current from the
soma [72]. Assuming space clamping was similar in all preparations, one explanation for the
faster sEPSC kinetics we observed is that SEPSCs may arise from different/altered sites on the
dendritic trees of DDH INs during the recovery process. Such reorganisation would change
the extent of electrotonic filtering for sEPSCs recorded at the soma [73, 74]. To probe whether
acute Hila treatment alters the synaptic location of sSEPSCs in DDH INs, we analysed the rela-
tionship between sEPSC amplitude and rise time as a measure of electrotonic filtering (Fig 6).
These analyses revealed no changes in the variability of rise times across SCI and SCI + Hila
experimental groups, although sEPSCs from both of these groups did show faster rise times
compared to INs from naive mice. An increase in the complexity of the dendritic arbour, or in
the distance of the synaptic input from the soma of the recorded INs, would more likely result
in slower sSEPSC kinetics (reduced rise times and amplitudes). Our data do not support the
presence of increased electrotonic filtering, but instead point to the possibility that sSEPSC
inputs after SCI may relocate closer to the soma, regardless of Hila-treatment. Our findings
are consistent with previous reports of reduced dendritic branching that occurs in the early
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phases of recovery from SCI [57, 75-77]. Such reduced dendritic complexity would reduce the
incidence of synapses located at long distances from the soma and contribute to the altered
electrotonic filtering we observed in DDH INs [78, 79]. Our data are likewise consistent with
similar studies performed by our group that also observed altered electrotonic filtering in
DDH INs 3-4 weeks after incomplete SCI [21].

(iii) Glutamatergic receptor distribution or subunit composition

SEPSCs expressed by DDH INs from Hila-treated SCI mice exhibited reduced rise times, half-
width and decay time constants, which altogether indicate faster kinetics. Under our recording
conditions, SEPSCs are mediated via the activation of AMPA-type glutamate receptors because
they are completely abolished in the majority of neurons by 10 uM CNQX [28].

Mango and Nistico [60] found that, in the hippocampus, ASICla contributes to peak ampli-
tude of NMDAR- and AMPAR/kainate-driven EPSCs. Interestingly, ASICI gene deletion was
shown to alter the AMPAR:NDMAR ratio differentially depending on the neuronal population
[4, 64, 80]. Other overlaps between these two recepors include protein-interacting with C
kinase (PICK1) which binds to, and modulates the expression of, both ASICla and AMPAR
on the cell surface [81, 82]. AMPAR phosphorylation can alter plasticity by enhancing channel
conductance (e.g., permeability to ions) or time spent open, depending upon the site targeted,
and this is a direct contributor to long-term potentiation (LTP) [83-85]. Glutamate-induced
LTP has been previously shown to enhance sEPSC amplitude (but not frequency) [86].

Importantly, an increase in phosphorylation in the postsynaptic membrane, specifically on
the AMPA-GluAl subunit, is inhibited by PcTx1, a potent ASIC1a inhibitor, which led to the
suggestion that ASICla modulates both intrinsic excitability and synaptic plasticity [87]. This
is further supported by the observation that ASICla leads to phosphorylation of protein kinase
C lambda (PKCA), which in turn phosphorylates GluA1, thus providing a link between
ASICla and AMPAR-involved LTP [61, 88].

As the sEPSCs from INs in the Hila-treated cohort have faster kinetics, this may result
from AMPAR alteration (e.g., phosphorylation) in neurons [89, 90]. It is not known whether
there was a redistribution of the AMPAR:NDMA ratio in our spinal cord preparation, or a
change to the AMPAR subunit composition on DDH INs, but such future investigations will
form a necessary part of studies to further inform the field.

Conclusions

A single moderate dose of Hila administered within 1 h of SCI, and not SCI alone, results in
significant alterations to the kinetics of SEPSCs of DDH INs when compared to naive animals.
Therefore, our study suggests, using high-fidelity readouts of functional neurophysiological
data, that acute inhibition of ASICla has long-term effects on SEPSC kinetics after SCI, poten-
tially mediated by AMPAR plasticity. Acute inhibition of ASIC1a after SCI does not, however,
exert any detectable long-term effects on AP discharge properties or the prevalence of specific
voltage-gated subthreshold currents that underlie AP discharge types.

Supporting information

S1 Fig. Experimental timeline and procedure. (A) Timeline for patch clamp electrophysiol-
ogy experiments showing all interventions and drug administration. Experiment begins at spi-
nal cord injury surgery (0 h). Mice are anaesthetized via inhaled isoflurane anaesthesia (5% in
0, induction dose; 1-2% in O, maintenance dose) and administered analgesics before surgical
procedures are begun (subcutaneous (s.c.), buprenorphine (0.1 mg/kg) and carprofen (5 mg/
kg)). At 1 h after surgery, the ASICla inhibitor Hila is administered via tail vein injection (i.v.
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25 ug). Maintenance analgesics were given to all mice after surgery, continuously (transdermal
Fentanyl patch, 12 mcg/h, 72 h) and at 12 h intervals (carprofen 5 mg/kg s.c.) for 2 d with
hydration support provided via saline injections at 12 h intervals for 2 d (0.9% NaCl s.c.). At 3
d post-surgery, fentanyl patches were removed, and mice were returned to their home cage
groups (naive, n = 36; SCL, n = 17; SCI + Hila, n = 14). At four weeks post SCI surgery, mice
were humanely euthanised using ketamine (i.p. 100 mg/kg). Spinal cords were then dissected
and prepared for patch clamp electrophysiology (image from BioRender) experiments as
described. (B) Schematic of mouse spinal cord showing dorsal column spinal cord slice prepa-
ration. The preparation allows patching from INs in the DDH that are ideally placed to main-
tain connections between the sensory and motor pathways in the dorsal columns. Modified
from Rank, Flynn [21].

(TIFF)

S1 Table. Statistical results and effect sizes for intrinsic passive (RMP, Iy, rheobase) and
active membrane properties (AP threshold, AP peak, AP width, AHP peak). ANOVA®
Tukey’s/Kruskal Wallis ® Dunn’s multiple comparisons tests, dependant on data normality
under Shapiro-Wilk and Kolmogorov-Smirnov. No statistically significant differences between
cohorts. Significance set at P < 0.005.

(PDF)

S2 Table. Statistical analyses of SEPSC frequency and kinetics. Kruskal Wallis Dunn’s Multi-
ple comparisons. Significance set at P < 0.005.
(PDF)

$3 Table. Statistical analyses of cell location comparisons in SCI mice. ANOVA™ Tukey’s/
Kruskal Wallis ® Dunn’s multiple comparisons tests, dependant on data normality under
Shapiro-Wilk and Kolmogorov-Smirnov. Contralateral caudal (n = 3), contralateral rostral

(n =7), ipsilateral caudal (n = 8), ipsilateral rostral (n = 2) and contralateral to epicentre

(n =2). Neuron location has no statistically significant effect on membrane properties. Signifi-
cance set at P < 0.005.

(PDF)

S4 Table. Statistical analyses of cell location comparisons in SCI mice treated with Hila.
ANOVAW Tukey’s/Kruskal Wallis ) Dunn’s multiple comparisons tests, dependant on data
normality under Shapiro-Wilk and Kolmogorov-Smirnov. Contralateral caudal (n = 4), con-
tralateral rostral (n = 11), ipsilateral caudal (n = 4), ipsilateral rostral (n = 2) and contralateral
to epicentre (n = 2). Significance is seen for sEPSC frequency between contralateral caudal and
contralateral rostral regions of the spinal cord, but in no other parameters. Significance set at
P < 0.005.

(PDF)

S5 Table. Simple linear analyses for inclusion of access resistance above 20 Ohms. Spear-
man’s r correlation statistics p-values. Significance set at P < 0.005.
(PDF)

S6 Table. Simple linear analyses for RMP effects on AP characteristics. Spearman’s r corre-
lation statistics p-values. Significance set at P < 0.005.
(PDF)
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