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Key points

® GABA depolarized sural nerve axons and increased the electrical excitability of C-fibres via
GABA, receptor.

e Axonal excitability responses to GABA increased monotonically with the rate of action potential
firing.

e Action potential activity in unmyelinated C-fibres is coupled to Na-K-Cl cotransporter type 1
(NKCC1) loading of axonal chloride.

o Activation of axonal GABA, receptor stabilized C-fibre excitability during prolonged low
frequency (2.5 Hz) firing.

e NKCC1 maintains intra-axonal chloride to provide feed-forward stabilization of C-fibre
excitability and thus support sustained firing.
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Abstract GABA, receptor (GABA,R)-mediated depolarization of dorsal root ganglia (DRG)
axonal projections in the spinal dorsal horn is implicated in pre-synaptic inhibition. Inhibition,
in this case, is predicated on an elevated intra-axonal chloride concentration and a depolarizing
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GABA response. In the present study, we report that the peripheral axons of DRG neurons are also
depolarized by GABA and this results in an increase in the electrical excitability of unmyelinated
C-fibre axons. GABA 4R agonists increased axonal excitability, whereas GABA excitability responses
were blocked by GABA AR antagonists and were absent in mice lacking the GABA,R 3 subunit
selectively in DRG neurons (Advillin®® or sns“"®). Under control conditions, excitability responses
to GABA became larger at higher rates of electrical stimulation (0.5-2.5 Hz). However, during
Na-K-Cl cotransporter type 1 (NKCC1) blockade, the electrical stimulation rate did not affect GABA
response size, suggesting that NKCC1 regulation of axonal chloride is coupled to action potential
firing. To examine this, activity-dependent conduction velocity slowing (activity-dependent slowing;
ADS) was used to quantify C-fibre excitability loss during a 2.5 Hz challenge. ADS was reduced by
GABA AR agonists and exacerbated by either GABA 4 R antagonists, 83 deletion or NKCC1 blockade.
This illustrates that activation of GABA 4R stabilizes C-fibre excitability during sustained firing. We
posit that NKCC1 acts in a feed-forward manner to maintain an elevated intra-axonal chloride
in C-fibres during ongoing firing. The resulting chloride gradient can be utilized by GABA4R to
stabilize axonal excitability. The data imply that therapeutic strategies targeting axonal chloride
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regulation at peripheral loci of pain and itch may curtail aberrant firing in C-fibres.
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Introduction

GABA, receptors (GABAAR) mediate fast synaptic
inhibition in mature neurons that maintain a low intra-
cellular chloride concentration. In this case, GABA
inhibition results from chloride (CI") influx (i.e. outward
current), and thus membrane hyperpolarization (Ben-Ari,
2002). In the majority of mature neurons, intracellular
chloride is regulated dynamically by the activity of
chloride transporters. Na-K-Cl cotransporter type 1
(NKCC1) mediates inward chloride transport, whereas
K-CI co-transporter type 2 (KCC2) is the predominant
outward chloride transporter (Ben-Ari, 2002). In vitro
recordings indicate that KCC2 expression is low in
immature neurons resulting in an elevated intracellular
Cl™ concentration and thus inward depolarizing GABA 5
currents (Gao & van den Pol, 2001; Ben-Ari, 2002).
Similarly, an elevated intracellular Cl~ concentration
persists into maturity in somatosensory neurons in
trigeminal (Schobel et al. 2012) and spinal ganglia
(DRG) (Alvarez-Leefmans et al. 1988; Kaneko et al.
2002), in post-ganglionic sympathetic neurons (Ballanyi
& Grafe, 1985), and in olfactory sensory neurons
(Kaneko et al. 2004). In DRG neurons, NKCC1 activity
maintains an elevated intracellular chloride concentration
(Rocha-Gonzalez et al., 2008), whereas expression of
outward Cl~ transporters, including KCC2, is low or
absent (Lu et al. 1999; Rivera et al. 2005; Toyoda et al. 2005;
Gilbert et al. 2007).

GABA, receptors are pentameric ligand-gated
ion channels permeable to ClI° and bicarbonate
anions. Nineteen mammalian GABA, subunits,
al—6, B1-3, y1-3, §, &, w, 6 and pl-3, are
recognized, whereas functional receptors are formed
mostly as «1/282/3y2 GABA, postsynaptically and
a4B38, a5B83y2 and «alBé at extrasynaptic locations
including axons (Hannan et al. 2019). GABAAR sub-
unit composition influences ligand sensitivity, channel
kinetics, desensitization and spatial distribution within
neurons (Mitchell et al. 2008). In adult DRG neurons,
B3 is the most abundant GABA,R subunit (Ma et al.
1993; Faroni et al. 2019) and conditional deletion
of GABA4,R B3 substantially reduced depolarizing
GABA currents in DRG neuronal somata (Chen et al.
2014). GABAAR B3 has also been identified immuno-
histochemically in the presynaptic terminals of primary
afferent neurons in the spinal dorsal horn (Zeilhofer et al.
2012; Orefice et al. 2016). Consistent with this, dorsal
root potentials evoked by electrical stimulation at C-fibre
intensity were absent in mice lacking 83 (Zimmerman
et al. 2019).

GABA depolarizes the central terminals of adult DRG
primary afferents in the ventral (Rudomin & Schmidt,
1999) and dorsal (Bardoni et al. 2013; Chen et al. 2014)
horns. Similarly, application of GABA to acutely isolated
DRG somata also produces depolarizing inward currents
(Zhang et al. 2015; Du et al. 2017) with chloride reversal
potentials of around —31 mV (Kaneko et al. 2002).
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Similarly, the peripheral axons of DRG neurons respond
to GABA with depolarization (Brown & Marsh, 1978;
Bhisitkul et al. 1987; Jackson et al. 1992). However, the
physiological role of axonal GABA4R has not been at all
clear.

In the present study, we used conditional deletion and
pharmacology to confirm the presence of functional
GABAAR along peripheral unmyelinated axons of
somatosensory neurons. GABA depolarized sural nerve
axons and this was accompanied by an increase in the
electrical excitability of C-fibres. Axonal excitability
responses to GABA increased with increasing rates
of background electrical stimulation and this effect
was mediated by a coupling of action potential firing to
NKCCI1 activity. The data establish that NKCC1 maintains
an elevated intra-axonal chloride concentration
during action potential activity, thus allowing chloride
conductances to stabilize axonal excitability and sustain
firing in unmyelinated axons.

Methods

Ethical approval

Experiments were carried out in compliance with
guidelines for the welfare of experimental animals
as stipulated by the Federal Republic of Germany
(Heidelberg University) and the Animal Research
Committee (University of Milan), and also conform to the
principles and regulations described by Grundy (2015).
In each case, ethics approvals were issued in accordance
with the European regulations concerning care and use of
animals; Council Directive 2010/63/EU of the European
Parliament and the Council of 22 September 2010 on
the protection of animals used for scientific purposes.
Approval for animal use was provided under I-19/05 at
the Medical Faculty Mannheim, Heidelberg University.

Animals

Only male mice were used. Wild-type (WT) C57BL/6N
outbred mice were purchased from Charles River
Laboratories (Ecully, France). Mice with conditional
deletion of the gabrb3 gene encoding the 83 subunit
of GABA,R were generated by crossing Gabrb3"/
(#008310; Jackson Labs, Ben Harbor, ME, USA) with
either Advillin®® (Zurborg et al. 2011) or Scnl0a‘"
(Agarwal et al. 2004). The resulting Advillin®;Gabrb3"1
and Scn10a¢;Gabrb3"/" lines are referred to here as
Adv©;83 and sns©'; 83, respectively. Progeny from both
lines were viable and lacked overt sensory or motor
deficits. Littermate comparisons comprised combinations
of either Advillin®® or scn10a“® or Gabrb3"" mice.
Recordings from any of these genotypes together with
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genuine WT mice were pooled and are referred to here as
‘control’ mice.

Anaesthesia and housing

Mice were anaesthetized with volatile anaesthetic before
being killed by cervical dislocation. Anaesthetic depth
was monitored by corneal blink and hind paw withdrawal
reflexes. Mice were housed in ventilated polycarbonate
cages (GM500SU;  Tecniplast, Hohenpeissenberg,
Germany) in a controlled environment comprising a
12:12 h light/dark photocycle at 20°C with access to food
and water ad libitum.

Sural nerve preparation

After mice were killed (see Anaesthesia and Housing),
both sural nerves were removed rapidly by dissection over
a length of ~1.5 cm and the ensheathing epineurium was
removed gently to facilitate drug permeation. Desheathed
nerves were mounted between two glass pipettes in an
organ bath (Fig. 1A). Each end of the nerve was drawn
into a glass pipette and sealed in position with vaseline to
establish a mechanical seal and a high resistance electrical
seal. The organ bath was perfused continuously with
physiological solution comprising (in mm): 118 NaCl,
3.5 KCI, 20 Hepes, 1,5 CaCl,, 1 MgCl, and 10 p-glucose,
adjusted to pH 7.4 and bubbled continuously with
100 % O,. Bicarbonate buffering was not used. The
bath was perfused with a peristaltic pump at a flow rate
of 6-8 mL min~! and the temperature of the solution
entering the bath was maintained at 30-32°C with a
Peltier block. The length of nerve between the stimulating
and recording electrodes varied between 4 and 11 mm
and the bath volume was 400 uL.

Pairs of chlorided silver wire were used to stimulate the
nerve and record extracellular signals. For stimulation, a
silver wire inside the glass pipette served as the anode
and a second silver wire, in the organ bath, served as the
cathode. Similarly, a silver wire inside the glass pipette
and a second silver wire in the bath were used to record
extracellular signals over the sealing resistance of the
vaseline.

Extracellular sucrose gap recording

An organ bath with four compartments (Fig. 2B) was
constructed to record signals proportional to ‘average’
axonal membrane potential. Compartments within
the organ bath were separated from one another by
silicone membranes through which the sural nerve
was drawn to span all four compartments. The nerve
was stimulated electrically with brief (1 ms) pulses of
constant current via silver wire electrodes inside the glass
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Figure 1. GABA increase electrical excitability of sural nerve C-fibres

A, experimental configuration for electrical threshold tracking of C-fibre compound action potentials (C-CAP).
Action potentials generated at the cathode (+) in response to constant current stimulation traverse the bath and
are recorded extracellularly across a vaseline sealing resistance. B, a rolling sequence of three stimulus conditions (1,
2,3,1,2,3...)were used to track electrical threshold and thus excitability. Stimulus 1 (B, left-most trace) was set at
100 A (i.e. supramaximal) to excite all axons and evoke a maximal (100%) C-CAP. The current strength for stimulus
2 was adjusted continuously by the QTRAC software aiming to maintain a C-CAP of 40% amplitude (B, 40% centre
trace) (i.e. an amplitude equal to 40% of the C-CAP response evoked by the preceding stimulus 1). Stimulus 3 was
also adjusted by QTRAC to evoke a 40% C-CAP 30 ms after a preceding supra-maximal conditioning stimulus (B,
40% conditioned right-most trace). C, the 1, 2, 3, 1 ... sequence was repeated continuously. The stimulus current
for the 40% and 40% conditioned stimuli (C, upper traces), the excitability index (C, centre trace and egn. 1) and
the latency of 100% C-CAP (C, lower trace) were monitored over time. D-F, application of GABA (100 M, 2 min)
reduced the current strength required to evoke the unconditioned 40% C-CAP and the conditioned 40% C-CAP
(C, upper traces and D; n = 12; 40% baseline vs. GABA Wilcoxon: P = 0.0005; 40% conditioned. Baseline vs. GABA
Wilcoxon: P=0.001) and thus increased the excitability index [C, centre trace and E; n = 13; Kolmogorov-Smirnov
D (ctrl) = 0.1084; D (GABA) = 0.1726; Wilcoxon: P = 0.0001, n = 13]. Ff, GABA (100 uM) also decreased C-CAP
latency [n = 12; D (ctrl) = 0.1820; D (GABA) = 0.1437; Wilcoxon: P = 0.0002]. G, stimulus—response curve is
shifted leftward to lower current strengths by GABA (200 wMm) resulting in a decrease in stimulus current required
to evoke a C-CAP of any amplitude. The 40% C-CAP is indicated by the horizontal broken line [n = 4; Sigmoid
fit: d.f. (ctrl) = 143, d.f. (GABA) = 166; r? (ctrl) = 0.9873, r> (GABA) = 0.9836; ECs (ctrl) = 74.80 + 0.59, ECsg
(GABA) =69.1 £ 0.69]. H, GABA (100 uMm, 10 min) responses during sustained application were characterized by
an initial transient phase 1 (of variable duration) and a subsequent sustained component that persisted throughout
GABA application (phase 2). [Colour figure can be viewed at wileyonlinelibrary.com]
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pipette (anode) and a second wire in the extracellular
bath. Extracellular signals were recorded using a silver
wire in the extracellular bath and a second wire inside
the compartment containing intracellular solution (i.e.
across the sucrose ‘gap’ compartment). The sucrose
compartment was perfused continuously with sucrose
solution (301 mosmol L) using a gravity feed system.
The width of the sucrose gap varied between 2 and 3 mm
with an aim to minimize the intra-axonal resistance. The
extracellular compartment was perfused continuously
with Hepes-buffered physiological solution (see above)
warmed to 30-32°C. The intracellular compartment

100%
A C-CAP

1 mv ol -

40%
C-CAP

1mv /J \J

DC
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contained solution comprising (in mm): 3.5. NaCl 3.5,
118 KClI, 20 Hepes, 1.5 CaCl,, 1 MgCl, and 10 p-glucose,
adjusted to pH 7.4.

Extracellular recording of the C-fibre compound
action potential (CAP)

Signals were amplified (N104 Neurolog; Digitimer,
Welwyn Garden City, UK), digitized (NI-600; National
Instruments, Austin, TX, USA) and processed on-line
using QTRAC software (Professor Hugh Bostock;
Digitimer, Hertfordshire, UK). To isolate the C-fibre
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Figure 2. GABA depolarized axons in the sural nerve

0
Amplitude of C-CAP (mV)

A, DC recording of electrical threshold tracking of C-fibre compound action potentials (C-CAP) during application
of GABA (300 M) using a sucrose gap configuration (B). At constant stimulus rate (A, lower trace) and constant
temperature (A, second to lowest trace) GABA (A, shading) increases electrical excitability (A, excitability trace) as a
result of a reduction in the current required to maintain a 40% C-CAP (A, Current). During GABA application, the
amplitude of the C-CAP (4, insets 40% C-CAP) to the prevailing stimulus strength aimed to generate a 40% C-CAP
(A, Peak) increased. The increase in 40% C-CAP coincides with axonal depolarization (A, upper trace). The current
required to evoke a conditioned 40% C-CAP is not altered (A, Current). The C-CAP amplitude to supramaximal
stimulation remains unaltered throughout (A, upper insets 100% C-CAP and Peak trace). B, recording configuration
to measure DC potential. The nerve (B, shaded horizontal bar) is secured at each end inside glass electrodes, one
to stimulate at constant current [B, i(t) left) and the other to record (B, V right). DC recordings are made between
the segment of nerve bathed in intracellular solution (B, right) and the centre compartment of the bath containing
extracellular solution over a high resistance gap generated by extracellular sucrose (B, sucrose gap). C, pooled data
for DC voltage change during GABA (n = 4, mean = 0.609 mV, SD = 0.171 mV). D, the magnitude of the voltage
change during GABA is not dependent upon the amplitude of the electrically-evoked 100% C-CAP. [Colour figure

can be viewed at wileyonlinelibrary.com]
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component of the electrically-evoked CAP (C-CAP)
a digital window discriminator was implemented in
QTRAC (Digitimer) (Fig. 1B, grey lines). The position of
the time window was adjusted to be typically 5-20 ms after
the electrical stimulus depending upon the length of nerve
segment and the stimulus protocol. The C-CAP response
to each electrical stimulus was analysed on-line, within
this time window, to determine peak to peak amplitude
and latency (Fig. 1B). Latency was taken as the time
between stimulus onset and the first positive-crossing,
within the window, of the C-CAP signal at an amplitude
50% of the maximum peak positive amplitude (Fig. 1B,
left trace horizontal line).

For experiments using the sucrose gap technique, the
same electrical stimulus parameters were used to generate
the C-CAP. In addition, a DC-coupled amplifier was
constructed to record extracellular signals across the
sucrose gap (Fig. 2B). For analysis, DC potentials were
determined by averaging the signal over a 200 ms window
immediately prior to each electrical stimulus.

Determination of electrical excitability in C-fibre
axons

We used threshold tracking to monitor the electrical
excitability of C-fibre axons as described previously
(Moalem et al. 2005). C-fibre axonal excitability was
determined using constant current stimuli (I ms in
duration) and the rate of electrical stimulation was
typically 1 Hz. Electrical stimuli of different amplitude
were delivered in a rolling sequence of three (i.e. 1, 2,
3,1, 2,3 ...) corresponding to the following conditions.
Stimulus condition 1 was supramaximal (i.e. a stimulus
delivered at a current intensity at least 3x threshold,
typically 50 1A and intended to excite all axons and thus
evoke a maximal C-CAP). This supramaximal stimulus
intensity remained constant throughout the experiment
and the response is termed the 100% C-CAP (Fig. 2A).
The intensity of the second stimulus in the sequence
was adjusted each cycle by the software with the aim of
evoking a C-CAP with an amplitude corresponding to
40% (Fig. 2A) of the maximal (100%) C-CAP. The third
stimulus was also adjusted by the QTRAC software to
evoke a C-CAP of 40% amplitude (Fig. 1B), although this
was conditioned by a preceding supramaximal electrical
stimulus (100 @A) 30 ms earlier. For each set of three
stimuli (1, 2, 3) the stimulus current required to evoke
an unconditioned 40% C-CAP (stimulus 2) and a 40%
C-CAP conditioned with a preceding pulse (stimulus 3)
were used to calculate an excitability index.

Excitability index (%) = 100 x

(40% conditioned current — 40% current)

(1)

40% current

J Physiol 599.17

Application of substances

Pharmacological agents were added to the solution
perfusing the bath by switching the intake source of the
peristaltic pump from one cylinder with extracellular
Hepes solution to another containing the substance
diluted in extracellular Hepes solution. The time required
for the solution to reach the organ bath was ~35 s and
the shading indicating substance application in the figures
have been adjusted for this delay such that the shading
indicates the substance reaching the bath.

Induction and assessment of activity depending
slowing (ADS)

In response to sustained (tens of seconds) low frequency
(1-10 Hz) action potential activity, unmyelinated
C-fibre axons exhibit a characteristic accommodative
slowing of their axonal conduction speed, commonly
referred to as activity-dependent slowing, ADS. ADS
was quantified as the relative change in latency of the
C-CAP response during stimulation at 2.5 Hz. Using an
electrical stimulation frequency of 0.5 Hz (every 2 s),
the frequency of stimulation was stepped to 2.5 Hz for a
period of 3 min before returning to 0.5 Hz. Changes in
axonal excitability during stimulation at 2.5 Hz together
with the peak amplitude and latency of the C-fibre CAP
were monitored. ADS was calculated during the period
of 2.5 Hz stimulation by dividing the latency of each
100% C-CAP by the average value of latency for C-CAP
responses to the 15 stimuli preceding stimulation at
2.5 Hz. ADS is an integrative measure affected by relative
changes in axonal membrane potential (Bostock et al.
2003), Nay availability (De Col et al. 2008) and intra-
cellular ion concentrations (Bliss & Rosenberg, 1979).

Single fibre recordings from the isolated
skin-saphenous nerve preparation

Adult mice were killed (see Anaesthesia and Housing) and
a segment of hindpaw hairy skin removed by dissection
together with its innervating saphenous nerve. The skin
flap was pinned (corium side up) to the silicone base of
an organ bath perfused continuously with physiological
solution comprising (in mm): 107.8 NaCl, 26.2 NaCOs3,
9.64 Na-gluconate, 7.6 sucrose, 5.05 glucose, 3.48 KCl, 1.67
NaH,POy, 1.53 CaCl, and 0.69 MgSO, and bubbled with
carbogen (95% oxygen and 5% carbon dioxide) to pH 7.4
and warmed to 32 £ 1°C. The saphenous nerve was drawn
through a vaseline seal into a chamber filled with paraffin
oil. The nerve was teased apart gently into fine filaments.
Filaments were draped over gold wire recording electrodes
and extracellular signals filtered (3 Hz to 3 kHz), amplified
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Table 1. Primers sequences

Axonal GABA, receptor stabilizes C-fibre excitability 4071

Primer name Forward primer 5’ to 3’

Reverse primer 3’ to 5’

RA«x2 GTATTACTGAAGTCTTCACTAACATT
RA«3 GCCCACTGAAGTTTGGAAGCTATG
RAx4 TCCTGGATTTGGGGGTCCTGTTA
RAa5 TCCCAGGTGTCCTTTTGGCT

RAB1 CTGCATCCGATGGAACTGTTC

RAB2 TGCGCCTGGATGTCAACAAGATG
RAB3 AATCCTCTCGTGGGTGTCCTTC
RAy2 ACTTCGACCTGACATCGGAGTG
a-tubulin TCGCGCTGTAAGAAGCAACACC

18S CTGCCCTATCAACTTTCGATGGTAG

CGAAAGAAAACATCTATTGTATACTCCATATC
ACTGATTCAGGCGTGAGCCATC
TCAACATCAGAAACGGGCCCA
GCACTGTGGTCACTCCAAAAACTG
CTCATCCAGAGGGTATCTTCGAA
TGCTGGAGGCATCATAGGCAAG
TGAGCACGGTGGTAATCCCAAG
TCACTGGACCAATGCTGTTCAC
ATGGAGATGCACTCACGATGGT
CCGTTTCTCAGGCTCCCTCTC

(N104 Neurolog; Digitimer) and digitized (micro1401;
CED, Cambridge, UK).

Functionally single A- and C-fibre axons were identified
using a blunt glass rod to locate mechanical receptive
fields in the skin flap. A tungsten wire positioned at
the centre of the mechanical receptive field served as
the cathode for electrical stimulation. Individual units
were characterized by their responsiveness to thermal
and mechanical stimuli. Mechanical activation threshold
was determined with von Frey filaments (1-128 mN).
A filament load producing a response (i.e. one or more
action potentials) in at least three of five presentations
was deemed above threshold. For thermal stimuli and
application of chemicals, an aluminium cylinder (9 mm
outer diameter) placed around the cathode allowed local
perfusion of the receptive field. For cooling stimuli, the
volume within the ring was evacuated and replaced with
cooled solution. A Peltier device heated the fluid entering
the ring from 32°C to 46°C in 20 s. Fibres were considered
heat/cold responsive if at least two action potentials
occurred during either the cold fluid or the heat ramp
stimulus. Heat threshold was defined as the temperature
of the solution at the time of initiation of the second spike
after correction for axonal conduction. GABA was applied
to the solution perfusing the aluminum ring.

RNA extraction and quantitative real-time PCR
(qRT-PCR)

RNA samples were extracted from acutely excised DRG
using Trizol (Life Technologies Italia, Monza, Italy) in
accordance with the manufacturer’s instructions. RNA
was quantified with NanoDrop2000 (Thermo Fisher
Scientific, Monza, Italy). Pure RNA was obtained after
DNAse treatment with a kit from Sigma-Aldrich (St
Louis, MO, USA) (catalogue no. AMPD1). A quantity
of RNA (1 pg) was reverse-transcribed to cDNA using
iScript Reverse Transcription Supermix for qRT-PCR

(Bio-Rad, Segrate, Milan, Italy). Primers were designed
using PrimerBlast (NIH, Bethesda, MD, USA). Primer
sequences for GABAR subunits and the housekeeping
genes «-tubulin and 18S-rRNA are shown in Table 1.
From each sample, 10 ng of cDNA was used for
quantitative PCR. The qRT-PCR was performed by
measuring incorporation of EVA Green dye (Bio-Rad)
with a CFX 96 Real Time System-C1000 touch thermal
cycler (Bio-Rad). CFX Manager 2.0 software (Bio-Rad)
was used for data analysis. The threshold cycle number
(Ct) of both the calibration and samples of interest were
normalized to the geometric mean of Ct for the two
endogenous housekeeping genes. The method of Pfaffl
(2001) was used for analysis and the results are expressed
normalized to the mean level of housekeeping genes.
For calibration, we used RNA obtained from control
samples.

Immunofluorescence (IFL)

Explanted sural and sciatic nerves were de-sheathed
before being fixed in 4%  paraformaldehyde
(Sigma-Aldrich), cryopreserved using an ascending
series of 7%, 15% and 30% sucrose solutions, embedded
in OCT (Sakura, Leiden, The Netherlands) and cut in
cross-section or longitudinal-section. Primary antibodies
included: guinea pig anti-GABA,-R «2 (dilution 1:250)
(generous gift from Professor Fritschy, University of
Zurich, Zurich, Switzerland) and mouse anti-Smi31
anti-heavy neurofilament (H-NF) (dilution 1:500)
(Biolegend, San Diego, CA, USA). Secondary anti-
bodies included: goat anti-guinea pig Alexa Fluor
488 (dilution 1:500) (Abcam, Milan, Italy) and goat
anti-mouse TRITC (dilution 1:500) (Sigma-Aldrich).
After washing, nerves were mounted using Vectashield
(Vector Laboratories, Burlingame, CA, USA) and nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI).
To ensure specificity, control slides were incubated in
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solutions lacking primary antibodies. Confocal images
were acquired with an LSM 510 System (Zeiss, Gottingen,
Germany) using a water immersion 40x objective (LD
C-Apochromat 40x/1.1 W Korr UV VIS IR), pin hole set
to 1 Airy unit and filters sets for FITC (excitation 493,
emission 517, band pass 400-550), TRITC (excitation 553,
emisson 568, band pass 540-700) and DAPI (excitation
353 emission 465, band pass 400-600) yielding an average
Z-optical section of 250 nm. Images were processed with
Image Pro-Plus 6.0 (Media Cybernetics, Bethesda, MD,
USA). IFL was repeated on negative samples to establish
antibody reliability and specificity.

HPLC determination of GABA in the sural nerve

Sural nerves were desheathed and immersed individually
for 15 min in physiological solution, during which
time the nerve was either stimulated electrically (1 ms,
100 wA) at 0.5 Hz (plus two bouts at 2 Hz for
3 min) or not. Quantification of GABA in the bathing
solution was determined by HPLC (Alliance 2095 module
with remote control by Empower 3 Software; Waters
Italia s.p.a, Sesto San Giovanni, Italy) coupled to a
fluorometric detection system (RF-10AXL; Shimadzu,
Kyoto, Japan; excitation 350 nm, emission 450 nm)
as described previously (Milanese et al. 2013). Eluates
were processed without dilution and maintained at
4°C during the quantification procedure. The method
consisted of pre-column derivatization of the sample
with O-phthalaldehyde (Sigma-Aldrich) and gradient
separation on a Cl18 reverse-phase chromatographic
column (Agilent MicroSpher C18, S100 x 4.6, 3 um; CPS
Analitica, Milan, Italy) maintained at 30°C. Homoserine
was used as an internal standard (Sigma-Aldrich). The
gradient buffers were: solvent A, 0.1 M sodium acetate
(pH 5.8)/methanol 80:20; solvent B, 0.1 M sodium acetate
(pH 5.8)/methanol, 20:80; solvent C, sodium acetate (pH
6.0)/methanol, 80:20. The total gradient HPLC program
required 25 min of elution for each sample.

Chemicals and solutions

GABA, 1(5),9(R)-(—)-bicuculline methiodide, muscimol,
(£)-baclofen, gaboxadol/4,5,6,7-tetrahydroisoxazolo
(5,4-c)pyridin-3(-ol) (THIP), bumetanide, NaCl, KCl,
Hepes, CaCl,, MgCl, and p-glucose were obtained
from Sigma-Aldrich. Allopregnanolone (ALLO) was
from Steraloids (Newport, RI, USA). Inflammatory
soup comprised histamine (1 uM), bradykinin (5 um),
prostaglandin E, (PGE;) (1 um) and serotonin hydro-
chloride (1 um), all from Sigma-Aldrich. Stock solutions
were prepared in PBS for GABA (1 M), bicuculline
(10 mm), muscimol (100 mm), baclofen (100 mm),
histamine (1 mm) and serotonin (1 mm). Ethanol was the

J Physiol 599.17

solvent for stock solutions of allopregnanolone (10 mm),
gaboxadol/THIP (100 mm) and PGE, (1 mwm). This
resulted in final ethanol concentrations in the perfusing
solution of between 0.0001% and 0.1% and ethanol
applied alone at 0.1% was without effect on C-fibre
excitability parameters (n = 4). The stock solution for
bumetanide was dissolved in DMSO (100 mm). This
resulted in a maximum dilution for DMSO of 0.02%
and DMSO applied alone at 0.02% was without effect on
C-fibre excitability parameters (n = 8). For bradykinin,
1% acetic acid was the solvent for the 2 mm stock solution.
Acetic acid (1%) applied alone to sural nerve was without
effect on excitability parameters (n = 3). The procedure
of diluting stock solution in physiological solution to the
desired concentration was the same for all substances and
was performed on the day of each experiment.

Statistical analysis

Electrophysiological data were analysed with custom
routines in Igor Pro (Wavemetrics, Lake Oswego, OR,
USA). Statistical tests were performed with Prism,
version 8.00 (GraphPad Software Inc., San Diego, CA,
USA). Kolmogorov-Smirnov and Shapiro-Wilk tests
were used to assess the applicability of parametric
statistical tests. The resulting Kolgomorov-Smirnov
distance (D) or Shapiro-Wilk (W) statistic is reported
as appropriate. Parametric comparisons between groups
were made either with ¢ tests or repeated measures
(RM)-ANOVA. Wilcoxon and Friedman tests were used
for non-parametric group comparisons. Data are shown as
individual values together with error bars indicating the
SD. P < 0.05 was considered statistically significant.
‘n’ values indicate the number of individual sural
nerves.

Results

GABA increased electrical excitability in unmyelinated
axons

We used threshold tracking techniques to examine
the effect of GABA on the electrical excitability of
unmyelinated C-fibre axons in isolated segments of mouse
sural nerve (Fig. 1A and B). In response to GABA
(100 pmMm), the current intensity required to maintain
a 40% C-CAP (Fig. 1B, centre) decreased substantially
(current trace; Fig. 1C and D), whereas the stimulus
current required to maintain a conditioned 40% C-CAP
(30 ms after a pre-conditioning stimulus, Fig. 1B, right)
fell only marginally (current trace; Fig. 1C and D). The
reduction in stimulus current during GABA corresponds
to an increase in axonal excitability and is quantified using
an excitability index (excitability index trace, Fig. 1C and
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E and eqn (1). The GABA evoked increase in excitability
index was paralleled by a reduction in C-CAP latency
(latency trace; Fig. 1C and F), indicating an increase in
axonal conduction velocity. Both the increase in electrical
excitability (Fig. 1E) and the increase in conduction speed
(reduction in latency, Fig. 1F) are consistent with axonal
depolarization. Notably, during application of GABA
(200 M), a reduction in the intensity of stimulus current
required to evoke C-CAPs of all sizes was observed
(Fig. 1G).

Axonal C-fibre responses to application of GABA over
several minutes showed distinct kinetics, comprising an
initial transient increase in excitability followed by a
sustained plateau that was maintained for the duration
of GABA application (Fig. 1H). We speculated that this
kinetic profile of excitability change mirrored changes in
GABA sR-mediated current. The initial transient increase
in excitability could reflect a transient inward current
driven by an initially elevated intracellular chloride
concentration that decreases rapidly as a result of chloride
efflux through GABAAR (Fig. 1H, phase 1). The sustained
component is interpreted as a steady-state GABAAR
current carried by chloride and HCO3™ efflux with the
former sustained by NKCCI-mediated chloride influx
(Fig. 1H phase 2).

GABA depolarized axons in mouse sural nerve

Previous reports indicate that GABA depolarized axons
in the cervical vagus (Brown & Marsh, 1978; Jackson
et al. 1992). To confirm an effect of GABA on axonal
membrane potential and determine its relationship with
the observed increase in electrical excitability (Fig. 1), we
recorded electrically-evoked sural nerve C-CAPs and DC
voltage using a sucrose gap system (Fig. 2B). Consistent
with previous reports, GABA (300 uM) depolarized sural
nerve axons by 0.61 £ 0.17 mV (n = 4) (Fig. 2C and DC
trace in Fig. 2A). Depolarization in response to GABA
was observed together with an increase in the amplitude
of the 40% C-CAP signal (Fig. 24, second row of insets
40% C-CAP and peak lower trace). In response to GABA,
axonal depolarization preceded the increase in excitability.
This lag in excitability increase relative to the increase
in DC potential arises from the predictive calculation
for stimulus current intensity for each ensuing stimulus
via QTRAC software. The magnitude of depolarization
of sural nerve axons was independent of the C-CAP
amplitude (Fig. 2D).

Exogenous GABA does not evoke action potentials
in individual A- or C-fibres

GABA has been shown to evoke action potential firing in
about two-thirds of cultured DRG neurons (Staley et al.

Axonal GABA, receptor stabilizes C-fibre excitability 4073

1996). Given that GABA depolarized peripheral axons
(Fig. 2), we tested whether GABA might also be able
to evoke action potentials in cutaneous sensory axons.
Recordings were made from seven individual cutaneous
A-fibres (c.v. 8.3 £ 3.6 m s™') and 12 individual C-fibres
(5 x C-MH, 2 x C-MHC, 4 x C-HTM, 1 x C-Mi; c.v.
0.45 £ 0.04 m s!) in mouse saphenous nerve. Receptive
fields were identified in the skin using a mechanical search
stimulus and an electrode (cathode) placed at the centre
of this field. Electrical stimulation at 0.125 Hz (every 8 s)
was used to determine conduction velocity and to monitor
single axons during application of GABA (100-300 um).
GABA was added to the solution perfusing an aluminium
cylinder (1 cm in diameter) positioned onto the skin
and centred about the stimulus cathode. GABA (100-300
uM) was applied to the solution within the aluminium
cylinder for 3 min. For seven A-fibre and 12 C-fibre
axons, there was no discernible action potential activity
during GABA application, nor in the subsequent 5 min.
GABA was also without effect on conduction latency in
individual axons. The lack of effect of GABA on single
fibre conduction velocity contrasts with the shortening
of conduction latency observed in sural nerve C-CAP
recordings (Fig. 1F). This difference probably arises from
the aluminium ring used in the single fibre recordings that
restricts exposure to GABA to a short length of terminal
axon representing no more than 10% of the conduction
path. Thus, although GABA depolarized peripheral axons
(Fig. 2), it did not evoke action potentials in cutaneous A-
or C-fibres.

GABA induced increase in C-fibre excitability is
mediated by GABAAR

GABA (1-1000 pMm) increased electrical excitability
in sural nerve C-fibres and this effect was mediated
by GABAjsR. GABA-evoked excitability increases
were blocked by the competitive GABAsR antagonist
bicuculline (50 pum) (Fig. 3A and B) and mimicked by
the GABA4R agonists muscimol (100 um) (Fig. 3C and
D) and THIP (100-200 pm) (Fig. 4F). In addition, ALLO
(1 um), a positive allosteric modulator of GABA,R,
potentiated the increase in C-fibre excitability in
response to GABA (Fig. 3F and G). Recent evidence
has indicated that GABAgR activation can ameliorate
inflammatory sensitization of C-fibres (Hanack et al.
2015). Despite this, the GABAR agonist baclofen
(100 M) had no discernible effect on C-fibre excitability,
axonal conduction velocity or C-CAP amplitude
(Fig. 3C and E). These results demonstrate that the
concentration-dependent increase in C-fibre excitability
observed in response to GABA (ECs 0f 31.28 - 18.88 um;
n = 61) (Fig. 3H) is mediated by activation of axonal
GABAAR.
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B3 is required for functional GABAAR in peripheral
C-fibres

In sural nerves from mice conditionally lacking
B3-GABA, in most DRG neurons (Adv;83) or selectively
in NaV1.8-expressing nociceptive neurons (sns;83),
GABA (up to 1 mm) produced no discernible effect on
C-fibre excitability (Fig. 4A-D), conduction latency or
C-CAP amplitude. This consolidated GABAR as the
mediator of GABA evoked excitability changes in C-fibre
axons and highlighted the obligatory role of B3 in the
formation of functional axonal GABA,R.

qRT-PCR was used to quantify mRNA for nine
GABAAR subunits, including «2-5, B1-3, § and y2 in
explants of whole lumbar DRG (Fig. 4E). 3, @2 and
y 2 were the most abundant GABA 4 R subunit transcripts
and these are typically associated with synaptic GABAR.
mRNA levels for 1 were lower than previously reported
in cultured DRG neurons (Faroni et al. 2019). The
8 subunit is characteristic of high affinity extrasynaptic
GABAAR and its expression was only marginally above
the detection limit (Fig. 4E). Consistent with low mRNA
levels for the & subunit (Fig. 4E), concentrations of
THIP (gaboxadol) below 1 M, at which it is a selective
8-subunit agonist (Meera ef al. 2011), did not affect axonal
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excitability (Fig. 4F). However, THIP did increase C-fibre
excitability at concentrations above 10 uM, at which itis a
non-selective GABA AR agonist.

The presence of 2 mRNA in DRG explants was
confirmed by immunostaining sural (Fig. 4G) and sciatic
(Fig. 4H) nerve from WT mice. Fluorescence signal for
a2 was observed in some myelinated axons, co-stained
with heavy neurofilament, as well as in some unmyelinated
axons, not associated with heavy neurofilament (Fig. 4G
and H).

NKCC1 determines the size of the GABA evoked
increase in axonal excitability

To examine the role of intracellular chloride in
determining the amplitude of GABA-induced changes
in C-fibre excitability, bumetanide (20 pum) was used
to block NKCC1 inward Cl~ transport. Under control
conditions, successive application of GABA (300 um) at
10 min intervals elicited robust and stereotyped increases
in axonal excitability (Fig. 5A, upper trace). Blockade of
NKCC1 with bumetanide (20 um) reduced progressively
the amplitude of successive axonal responses to GABA
(300 wm, central trace) and also resulted in a protracted
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Figure 3. C-fibre excitability responses to GABA are mediated by GABAAR

A, axonal excitability responses to GABA (100 uMm, 2 min) were blocked reversibly by the competitive GABAAR
antagonist bicuculline (50 um). B, pooled data for bicuculline blockade of GABA responses [n = 7; D (GABA) =0.22,
D (GABA+bic) = 0.24; Wilcoxon: P=0.0078, n = 7]. C, an increase in electrical excitability was observed in response
to GABA (100 uM, 2 min, left) and the GABAAR agonist muscimol (100 pM; 2 min, centre) but not the GABAg
agonist baclofen (100 wMm; 4 min, right). D, pooled data for muscimol [n = 5, D (ctrl) = 0.34, D (mus) = 0.32;
Wilcoxon: P = 0.03; n = 5]. E, pooled data for baclofen [n = 4, W (ctrl) = 0.86, W (GABA) = 0.94, W (bacl) = 0.94;
Friedman: d.f. = 2,4, P=0.023; x2=5.99; post hoc Dunnett: ctrl vs. GABA, P = 0.024, ctrl vs. baclofen, P = 0.99].
F, axonal excitability responses to low concentrations of GABA (10 uM, 2 min) were enhanced by coapplication
of the neuroactive steroid ALLO (ALLO, 1 um; 10 min pre-treatment). G, pooled data for coapplication of GABA

and ALLO [n = 5; D (GABA) = 0.17, D (GABA+ALLO) =

0.30; Wilcoxon: P=0.0312, n = 5]. H, GABA increased

axonal excitability in a concentration-dependent manner with an ECsg of 31.28 4 18.88 uM (n = 61; sigmoid fit;

d.f. =58; 2 0.7119).
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Figure 4. GABAAR subunit characterization in DRG and peripheral axons

Axonal excitability responses to GABA at 100 M (A-D, left) and 1 mm (A-D, right) were absent in Adv<re,; g3
(A and B) and snsC’e,'ﬂj’ﬁﬁ (C and D) null mice. B, pooled GABA response amplitude for Advc’e;ﬁj’ﬂﬂ [B, n
(ctrliop um) = 6, N (AAV; 83100 um) = 3, W (ctrligg ) = 0.95, W (AdV; 83100 ;uv) = 0.80; unpaired ¢ test: P = 0.002,
d.f. = 7; n (ctrly mm) = 5, n (Adv; 831 ) = 5, D (ctrly ) = 0.19, D (Adv;B831 mm) = 0.2594; unpaired t test:
P = 0.0001, d.f. = 8] and sns“¢; 83" mice [D, n (ctrlioo ua) = 9. N (5NS:B3100 ) = 7. D (ctrliop u) = 0.20, D
(Adv; 83100 um) = 0.18, unpaired ttest: P=0.0001, d.f. = 14; n (ctrly ) = 6, n (Adv; 831 my) =9, D (ctrly my) =0.20,
D (Adv;B31 mm) = 0.13, unpaired t test: P=0.0001, d.f. = 13]. £, mRNA transcript levels for GABAAR subunits a2,
a3, a4, B1, B2, B3, § and y2 shown relative to the housekeeping genes a-tubulin and 18S. F, axonal C-fibre
excitability responses to THIP/gaboxadol at concentrations from 100 nm to 200 uM following an initial GABA (100
uM; 2 min) application. THIP increased excitability at concentrations above 100 uM suggesting a lack of § subunit
containing GABAAR. G and H, immunolabelled mouse sural nerve in longitudinal section (G) and sciatic nerve in
cross-section (H). Preparations were co-stained for DAPI (blue, left), heavy neurofilament (H-NF, red, second from
left), GABAAR a2 (green, third from left) and merged images (right) indicate @2 in both unmyelinated (green signal)
and myelinated axons (yellow signal, co-localization with H-NF). Scale bars =20 um. G and H, right, insets 1, 2 and
3 indicate expanded regions of interest (white broken line rectangles) from merge. [Colour figure can be viewed
at wileyonlinelibrary.com]
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increase in baseline excitability (Fig. 5A, lower trace).
The reduction in axonal GABA response amplitude in the
presence of bumetanide (Fig. 5B) probably results from
an inability of NKCC1 to re-establish the intra-axonal
chloride concentration following each GABA application.
The slow increase in axonal excitability over 10-20 min in
the presence of bumetanide (Fig. 5A and B) is interpreted
as reflecting a slow membrane depolarization. This could
arise through a reduction in inward K" transport during
bumetanide reducing Ex and progressively depolarizing
axons.
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GABA  R-mediated chloride currents are sufficient to
alter intracellular chloride concentration in neuronal
somata (Ballanyi & Grafe, 1985) and this is exacerbated
in small volume structures such as the dendrites of CA1l
pyramidal neurons (Staley & Proctor, 1999) and pre-
sumably small diameter unmyelinated axons. To examine
this possibility in C-fibres, GABA (300 um) was applied
initially for 2 min. Subsequently, 5 s GABA applications
were made every 2 min (Fig. 5C) to determine the
rate of recovery of axonal GABA responses. The first
seven responses to 5 s GABA applications showed a

& GABA 300uM
O GABA 300uM+

Bume 20uM
4 Bume 20uM
baseline Figure 5. NKCC1 determined the
amplitude of GABA-evoked excitability
p=0.0002 increase

A, repeat application of GABA (300 uM;

2 min) evoked reproducible increases in
C-fibre excitability (A, upper trace). NKCC1
blockade with bumetanide (20 M)
increased excitability and resulted in a
progressive reduction in GABA response
amplitude (A, lower trace). B, pooled data
for repeat GABA [filled circles; n = 6, D
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2CI Na*K+

GABA GABA +

(GABA) = 0.22, RM-ANOVA: F4 50 = 1.16,

P = 0.358], the reduction of GABA response
during bumetanide [open circles, n = 3, D
(GABA-+bume) = 0.23, RM-ANOVA:

F28 =21.76, P=0.0002] and bumetanide’s
effect on excitability [open triangles, n = 3,
D (baseline) = 0.21; RM-ANOVA:
Fag=2.11, P=0.172]. C, excitability
responses to repeat GABA application.
Following an initial GABA (300 xM, 2 min),
repeat 5 s GABA applications at 2 min
intervals show a progressive decline in
amplitude (C, grey shading, left). GABA
response size recovers upon increasing the
interval between successive GABA (300 uM,
5 s) applications from 2 min to 6 min (C,
light grey shading, centre). Subsequent
GABA (300 uM, 3 min) applications produce
response comparable with the initial GABA
response (dark grey shading, right). D,
recovery of GABA response over time after
preceding GABA application [n (2, 3, 5, 7,

Na*/K*-ATPase

9=0.03 15 min) =5, 2, 3, 4, 3; sigmoid fit: xhal:

F=4.88%+0.42, d.f. = 13]. E, schematic
indicating proposed coupling of
Na*/K*-ATPase, NKCC1 and GABAAR. F,
axonal excitability responses to GABA (100
uM; 2 min) before and during inflammatory
soup (histamine 1 uM, bradykinin 2 um,
PGE, 1 um and serotonin 1 uM). G, pooled
data for GABA response before and during
inflammatory soup [n = 5, D(GABA) = 0.18,

Inf. soup D (GABALIS) = 0.26; Wilcoxon: P = 0.03].
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progressive reduction in the transient response (Fig. 5C,
grey shading) consistent with depletion of intra-axonal
chloride. Notably, the transient GABA response amplitude
decreased to a value corresponding to the amplitude of
the initial sustained response to GABA (Fig. 5C, grey
shading). The interval between successive 5 s GABA
applications was then lengthened, from 2 min up to 6 min
(Fig. 5C, lightest grey shading) during which the transient
response to GABA increased as the recovery interval was
lengthened. The inflection point for a sigmoid fit to the
recovery profile was 4.88 £ 0.42 min (n = 17) (Fig. 5D)
with a time constant of 1.053 £ 0.484 min. This recovery
is indicative of the rate at which the chloride gradient was
restored by NKCCI1 (Fig. 5E).

Previous reports indicate that phosphorylation of
NKCC1 by inflammatory mediators is associated with
an elevated intracellular Cl~ concentration in isolated
DRG neurons (Funk et al. 2008). To examine whether
this is applicable to axons, sural nerves were exposed
to inflammatory soup (Steen et al. 1992) comprising
histamine (1 mm), bradykinin (2 mm), PGE, (100 xm) and
serotonin (1 mm) for 10-30 min. This led to a prominent
increase in the amplitude of axonal excitability responses
to GABA (100 um) (Fig. 5F and G) consistent with an
elevated Eq associated with increased NKCC1 activity.

Action potential firing stimulates NKCC1-mediated
axonal chloride loading

In immature CA1 pyramidal neurons, the thermodynamic
set point of NKCC1 activity increased in proportion to
action potential firing rate (Brumback & Staley, 2008) and
there has been speculation that a similar process may
occur in somatosensory C-fibres (Price et al. 2009). To
examine the role of action potential firing in modulating
NKCCI1 activity in C-fibre axons, axonal GABA (100 ptMm)
responses were first determined at different rates of
electrical stimulation from 0.5 to 1.7 Hz (Fig. 6A).
Consistent with previous reports (Carr et al. 2010), axonal
GABA response amplitude increased in proportion to
the prevailing rate of electrical stimulation (Fig. 6A and
B). Importantly, in the period following high-frequency
stimulation, the increase in GABA response amplitude
persisted for several tens of minutes (Fig. 64 and E). An
activity-dependent loading of axons with chloride could
account for this. To test this idea, repeat bouts of 2.5 Hz
electrical activity were applied at 10 min intervals and
a progressive increase in GABA response amplitude was
evident (Fig. 6C). This increase in amplitude was apparent
both for the transient and sustained components of GABA
responses (Fig. 6D). In addition, the potentiation of GABA
responses by bouts of 2.5 Hz electrical stimulation was
long-lasting and persisted for up to 30 min (Fig. 6E and
F). To exclude a possible shift in affinity of GABA4R,

Axonal GABA, receptor stabilizes C-fibre excitability 4077

repeat applications of GABA (300 uM) at a constant low
stimulus rate (1 Hz) were applied without intervening
activity bouts and this had no effect on axonal GABA
response amplitude (Fig. 6G and H). To further exclude
changes in GABAR affinity, GABAAR was blocked with
bicuculline during bouts of activity at 2.5 Hz and this did
not prevent the enhancement of axonal GABA responses
(Fig. 6I and J).

In a second step, we blocked NKCC1 with bumetanide
(20 M) during the period of 2.5 Hz electrical stimulation
and this significantly hampered the ability of action
potential activity to enhance axonal GABA responses
(Fig. 6K and L). This demonstrates that elevated NKCC1
activity is coupled to increased action potential firing in
C-fibre axons.

GABA, activation limits activity-dependent slowing
(ADS) in C-fibres

Having established a link between action potential
activity and NKCC1-mediated axonal chloride loading
(Fig. 6K and L), we examined the effect of intra-axonal
chloride manipulations on C-fibre excitability during
sustained low frequency challenge. During sustained
low frequency stimulation (e.g. 2.5 Hz for 3 min),
C-fibres show a progressive activity-dependent slowing
(ADS) of their axonal conduction velocity (Fig. 7A,
black trace). ADS was enhanced in nerves from mice
conditionally lacking GABAAR (sns;837") (Fig. 7A and
B). ADS was also enhanced by GABA,R blockade with
bicuculline (50 wum) (Fig. 7C and D). By contrast,
ADS was reduced by GABA (1 mwm) (Fig. 7A and B)
and the positive GABAR allosteric modulator ALLO
(I um) (Fig. 7E and F). This indicates that GABAAR
activation limits the extent of ADS. However, when
NKCC1 was blocked with bumetanide (20 um), ADS
was enhanced (Fig. 7G and H), further supporting the
idea that NKKC1-mediated axonal chloride loading is
coupled to action potential firing. We conclude that
NKCC1 maintains and possibly elevates intra-axonal
chloride during action potential firing in C-fibres. This
feed-forward chloride loading allows activation of a
chloride conductance (e.g. GABA4R) to stabilize axonal
excitability and thus limit ADS.

GABA in the sural nerve

The possibility of endogenous regulation of C-fibre
excitability via axonal GABA, prompted us to examine
levels of endogenous GABA in the sural nerve.
Desheathed sural nerve segments were bathed in physio-
logical solution for 15 min and HPLC revealed nanomolar
concentrations of GABA (12.16 £ 0.81 nm) (Fig. 8B and
E) in the bathing solution. Interestingly, the concentration
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Figure 7. GABAAR modulation of activity-dependent slowing
in C-fibres

Electrical stimulation at 2.5 Hz for 3 min produced
activity-dependent slowing (ADS) of axonal conduction velocity that
was measured as an increase in C-CAP latency (A, ctrl). A, ADS was
enhanced in sns¢™; 83~ mice (A, dark grey trace) and reduced by
the application of GABA (1 mwm, light grey trace). B, pooled data for
ADS over the last 30 s of 2.5 Hz stimulation [n (ctrl) = 13, n

(GABA) = 9; D (ctrl) = 0.2245, D (GABA) = 0.2689; ctrl vs. GABA,
unpaired t test, P = 0.001; n (sns<™®;83) = 6, D (sns<";:83) = 0.2497,
ctrl vs. sns€™; 83, unpaired t test: P = 0.004]. C, ADS was increased
in the presence of the GABAAR antagonist bicuculline (50 uM, grey
trace). D, pooled data for bicuculline [50 wum; n (ctrl) = 13, n (bic) = 6;
D (ctrl) = 0.22, D (bic) = 0,25; unpaired t test, P = 0.024]. E, ADS was
reduced by coapplication of GABA and the positive allosteric
modulator ALLO (grey trace). F, pooled data for coapplication of
GABA (1 mm) and ALLO [1 uM; n (ctrl) = 13, n (GABA+ALLO) = 5; D
(ctrl) = 0.22, D (GABA+ALLO) = 0.21; ctrl vs. GABA+ALLO unpaired
t test, P=0.027]. G, NKCC1 blockade by bumetanide (20 um, grey
trace) increased ADS. H, pooled data [n (ctrl) = 13, n (bume) = 5; D
(ctrl) = 0.22, D (bume) = 0.31; unpaired t test, P = 0.049].

axons leads to a reduction in their axonal conduction
velocity and their excitability that is attributed to a
combination of activity-dependent hyperpolarization
(Rang & Ritchie, 1968), accumulation of intracellular
Na® (Bliss & Rosenberg, 1979) and inactivation of
Nay channels (De Col et al. 2008; Tigerholm et al.
2015). CA1l pyramidal neurones maintain an elevated
intracellular chloride concentration during trains of
action potentials through a shift in the thermodynamic
equilibrium set point for NKCC1 (Brumback & Staley,
2008). Although elevated intra-axonal chloride is a
pre-requisite for the modulation of excitability, a chloride
conductance is required to affect membrane excitability.
In hippocampal granule cells, GABAAR can serve as a
chloride conductance that is able to reduce the fidelity of
action potential conduction along unmyelinated mossy
fibres at low intracellular chloride concentration and
also enhance axonal excitability when chloride was
elevated (Ruiz et al. 2003). In addition, axonal conduction
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fidelity was increased following application of neuro-
active steroids, suggesting that GABAAR was basally
active (Ruiz et al. 2010). Similarly, GABA acting via
axonal GABAR increased excitability (Pugh & Jahr,
2011) and conduction fidelity (Dellal et al. 2012) in the
parallel fibres of cerebellar granule cells. In the case of
somatosensory axons, excitability loss during sustained
activity was enhanced by bicuculline (Fig. 7C) and
reduced by allopregnanolone (Fig. 7E) implying that both
were able to modulate a basally activated GABA4R.
There a remarkably few recognized sources of GABA
in peripheral nerve. Schwann cells can synthesize both
GABA and the neuroactive steroid allopregnanolone
(Bonalume et al. 2020; Colciago et al. 2020). It has
also been suggested that sensory axons themselves may
be a source of GABA (Hanack et al. 2015). Estimates
of ambient GABA concentration in CSF range from
mid-nanomolar to a few micromolar (Lerma et al. 1986;

V. Bonalume and others
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Tossman et al. 1986; Kennedy et al. 2002) and, in the
present study, we detected low nanomolar concentrations
of GABA in solution bathing the sural nerve (Fig. 8).
Although it is possible that the local GABA concentration
is elevated within peripheral nerve, especially in the
restricted volume between glia and axons, only GABA,R
comprising the high-affinity § subunit responds to GABA
in the nanomolar range and the high-affinity § sub-
unit was conspicuously absent in DRG tissue (Fig. 4E)
and C-fibre axons (Fig. 4F). Instead, synaptic o2, 3
and y2 subunits predominated (Fig. 4E) and this is
consistent with previous RT-PCR (Maddox et al. 2004),
in situ hybridization (Ma et al. 1993) and immuno-
histochemical findings (Lorenzo et al. 2014). Although
«2f2/3y2 has typically been considered a constellation
for synaptic GABA 4R (Sassoe-Pognetto et al. 2011), our
results suggest its presence asynaptically, along peripheral
axons. GABA 4R is spatially labile and thus able to diffuse
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Figure 8. HPLC determination of GABA in solution bathing sural nerve

HPLC chromatograms indicating GABA (vertical red line) in a blank sample of extracellular Hepes buffered physio-
logical solution (A), extracellular Hepes buffered solution in which a segment of sural nerve was bathed for 15 min
(B) and Hepes buffered solution in which a segment of sural nerve was bathed and stimulated electrically at 0.5 Hz
with two bouts at 2.5 Hz each for 3 min (C). D-F, expanded region of chromatograms (A) to (C) over the GABA
elution time zone. G, GABA concentration in Hepes solution alone (open bar, n = 3; 4,67 + 1,53 nwm), with a sural
nerve but without electrical stimulation (grey, n = 4; 10.36 &+ 0.69 nm) and during electrical stimulation (black,
n=4;10.28 & 0.54 nm). There was no difference in GABA concentration for the bathing solution with and without
electrical stimulation (unpaired t test, P = 0.56) [Colour figure can be viewed at wileyonlinelibrary.com]
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between synaptic and extrasynaptic locations (Thomas
et al. 2005; Bogdanov et al. 2006; Bannai et al. 2009;
Hannan et al. 2019). In this context, it is interesting that
DRG neurons express low levels of gephyrin (Lorenzo
et al. 2014), a protein targeting the GABAAR to the
post-synaptic domain (Tretter ef al. 2008).

Conditional deletion of the GABA,R B3 subunit
(sns“"%;8377) abolished C-fibre excitability responses to
GABA and this is consistent with reports indicating that
B3 is required for GABAergic pre-synaptic inhibition in
the spinal dorsal horn (Chen et al. 2014; Zimmerman et al.
2019). The complete abolition of axonal GABA responses
in B3 nulls observed in the present study (Fig. 4A-D),
however, contrasts with the incomplete reduction of
GABA currents in the soma of DRG neurons from 83
nulls (Chen et al. 2014). Residual GABA currents in 83
null DRG neurons may well be affected by expression
changes associated with culturing, during which GABA,R
is upregulated (Lee et al. 2012).

GABALR currents exhibit phasic and tonic kinetics
often associated with synaptic and extrasynaptic
GABA,R, respectively, and with time courses in the
order of tens of milliseconds (Farrant & Nusser, 2005;
Belelli et al. 2017). Distinct from these kinetics, the
transient and sustained components of axonal excitability
responses to GABA occurred over several tens of seconds
(Fig. 1H). We interpret the initial transient component of
axonal GABA responses as reflecting partial or complete
collapse of the transmembrane chloride gradient. During
prolonged GABA application in frog DRG neurons, the
chloride gradient can fall by 10-15 mV (Akaike et al.
1987) and shifts in Ec;_ are likely to be amplified in peri-
pheral axons that have low volumes and are exposed to
GABA over a considerable (5-8 mm) length. In addition,
GABAR desensitization that exhibits time constants

physiological

condition shift in NKCC1

thermodynamic equilibrium
GABA,R stabilizes excitability
enabling prolonged firing

sustained firing

Axonal GABA, receptor stabilizes C-fibre excitability 4081

extending to tens of seconds depending upon the iso-
form (Bianchi & Macdonald, 2002; Gielen et al. 2012)
may also contribute to the transient component of axonal
excitability responses to GABA. The sustained component
of axonal GABA responses persisted for several minutes
in the continued presence of GABA (Fig. 1H) and we
interpret this to reflect sustained axonal depolarization.
During prolonged GABA application, an inward GABA,R
current could be mediated by HCO3- with a contribution
from chloride provided by NKCCl-mediated influx
(Fig. 5E). Consistent with this, a reduction in the
amplitude of sustained GABA responses was observed
during NKCCI1 blockade with bumetanide (Fig. 54). We
attribute the effect of bumetanide to its action on NKCCl1
and not the result of it acting as a non-competitive
antagonist at GABAAR (Inomata et al. 1988; Sung
et al. 2000) because it was possible to elicit prominent
axonal GABA responses during bumetanide (Fig. 5A
and B).

In the present study, we posit that, during ongoing
action potential firing in peripheral C-fibres, axonal
excitability is stabilized by NKCC1 maintenance of
an elevated intra-axonal chloride concentration and a
non-zero chloride conductance (e.g. GABAsR) (Fig. 9).
We demonstrate that a pre-requisite for this effect is
the coupling of NKCC1 activity to action potential
load aiming to maintain the intra-axonal chloride
concentration. In unmyelinated axons, activation of
GABAR can utilize the chloride gradient to limit
activity-dependent conduction slowing. Disruption of
axonal chloride through manipulation of NKKCI and
chloride channel activation via GABA,R may comprise
effective means of curtailing firing in peripheral C-fibres
when applied locally at sites associated with pain and
itching.

SNSCRE;R3 - chloride @
GABA,R blockade dysregulation

NKCCH1 blockade

\' o / C NKCC1

Firing curtailed

Figure 9. Schematic summary of possible role of GABAAR in unmyelinated axons

1, Under physiological conditions sustained firing results in a feed-forward loading of intra-axonal chloride via
NKCC1. The chloride gradient allows a chloride conductance (e.g. GABAAR) to stabilize axonal excitability and
enable prolonged firing. 2, chloride dysregulation resulting from either NKCC1 blockade, GABAAR inhibition or
deletion (sns©"¢; 837") exacerbates activity-dependent slowing and the ability to sustain firing is curtailed. [Colour
figure can be viewed at wileyonlinelibrary.com]
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