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Abstract
GABA-B receptors are important for Schwann cell (SC) commitment to a non-myelinating phenotype during development.
However, the P0-GABA-B1fl/fl conditional knockout mice, lacking the GABA-B1 receptor specifically in SCs, also presented
axon modifications, suggesting SC non-autonomous effects through the neuronal compartment. In this in vitro study, we
evaluated whether the specific deletion of the GABA-B1 receptor in SCs may induce autonomous or non-autonomous cross-
changes in sensory dorsal root ganglia (DRG) neurons. To this end, we performed an in vitro biomolecular and transcriptomic
analysis of SC and DRG neuron primary cultures from P0-GABA-B1fl/fl mice. We found that cells from conditional P0-GABA-
B1fl/fl mice exhibited proliferative, migratory and myelinating alterations. Moreover, we found transcriptomic changes in novel
molecules that are involved in peripheral neuron–SC interaction.
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Introduction

Recent evidence shows that the peripheral nervous system
(PNS) possess a fully functional γ-aminobutyric acid
(GABA) system, consisting in both the neurotransmitter
GABA and some of its receptors [1–7]. Indeed, morphological
and molecular data gathered from GAΒΑ type B1 (GABA-
B1) receptor total null mice showed significant alterations in
the myelin sheaths, as well as changes in the expression of the
peripheral myelin protein-22 (PMP22) and myelin protein

zero (P0). These mice have a high percentage of small mye-
linated fibres and a great number of small dorsal root ganglion
(DRG) neurons, which determine altered motor-sensory func-
tions and pain behaviour, such as hyperalgesia, gait abnormal-
ities and motor coordination disturbance [8].

These findings underlined the importance of GABA-B re-
ceptors in Schwann cells (SCs), suggesting a role in the con-
trol of the myelination process; nevertheless, the involvement
of the peripheral neuronal compartment (e.g. small DRG neu-
rons) in determining such changes was not excluded [1, 8].
The study of conditional P0-GABA-B1fl/fl mice, lacking the
GABA-B1 receptor specifically in SCs, unravelled this issue.
Indeed, P0-GABA-B1fl/fl mice showed a characteristic mor-
phological phenotype, with an increased number of unmyelin-
ated fibres and Remak bundles, including nociceptive C-fi-
bres. The P0-GABA-B1fl/fl mice were hyperalgesic and
allodynic; moreover, the morphological and behavioural
changes were associated with a downregulation of neuregulin
(NRG) 1 expression in peripheral nerves. Therefore, we sug-
gested that the increased pain sensitivity and altered threshold
may derive from the loss of GABA-B receptor functions spe-
cifically in SCs, and may be the consequence of a preferential
SC maturation towards the non-myelinating phenotype [1, 6].
Immunolabelling of GABA-B1 in teased nerve fibres, as well
as in SCs and DRG neuronal cultures, further supported the
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preferential GABA-B1 localisation in non-myelinating SCs
surrounding groups of unmyelinated axons, namely C-fibres
[6]. However, the GABA-B receptor subunits, as well as
GABA and glutamic acid decarboxylase (GAD) 65/67 en-
zymes, were also found at the node of Ranvier in a small
sub-population of myelinated sensory fibres [9]. Importantly,
GABA-B receptor expression, and possibly its activity are
upregulated in the SCs of injured nerves. Indeed, their phar-
macological inhibition might be part of a process controlling
myelin protein expression and re-myelination following the
injury [9, 10]. In line with this hypothesis, it is conceivable
that the increase in GABA-B receptor expression, found in the
SCs of injured nerves, may be part of a physiological response
addressed to stimulate the proximal axons to re-grow distally
to the injury [9].

Overall, we suggested that GABA-B receptors are impor-
tant for SC commitment to a non-myelinating phenotype dur-
ing development. However, P0-GABA-B1fl/fl mice also pre-
sented axon modifications, suggesting the presence of SC
non-autonomous effects mediated through the neuronal com-
partment. Interestingly, we hypothesised that a mechanism
occurring in the neuronal compartment may concur to the
morphological and behavioural phenotype of mice lacking
GABA-B1 specifically in SCs.

In this paper, we aim to corroborate previous in vivo ob-
servations by studying in vitro primary SC and DRG neuronal
cultures obtained from P0-GABA-B1fl/fl (experimental) and
GABA-B1fl/fl (control) mice, analysed separately or in co-
culture systems. Furthermore, we analysed the transcriptome
of pure DRG neuron and SC cultures by Affymetrix
GeneChip array. Our results show differences between control
and experimental cell cultures in terms of DRG axonal
sprouting, SC proliferation, migration and myelination prop-
erties. Moreover, we found transcriptomic changes in novel
molecules/genes that were not previously associated with pe-
ripheral neuron–SC interaction pathways.

Material and Methods

Mice and Genotyping

GABA-B1fl/fl mice [11] were crossed with P0-CRE deleter
mice [12] to obtain P0-GABA-B1fl/+ mice, which were then
back-crossed with GABA-B1fl/fl mice. P0-GABA-B1fl/fl

mice, with specific deletion of GABA-B1 in SCs, were chosen
as the experimental group and were compared to GABA-B1fl/
fl mice chosen as control. Genotyping was performed as pre-
viously described [1].

All experiments involving the use of mice SC and neuronal
primary cultures were performed in accordance with current
Italian and European rules concerning care and use of animals
(D.Lvo. n. 26, 4 March 2014; Council Directive 2010/63/EU

of the European parliament and the Council of 22 September
2010 on the protection of animal used for scientific purposes)
and according to 3R’s guidelines. All the experiments were
performed according to the guidelines of the Animal Research
Committee of the University of Milan.

Cell Cultures

SC and DRG neuronal cultures were obtained from 3-month-
old mice, as previously described [1].

SC Cultures Briefly, sciatic nerves from 3-month-old mice were
digested with 0.0625% (w/v) collagenase Type IV (Worthington
Biochemical, Lakewood, NJ, USA) and dispase (0.5 mg/ml;
Life Technologies Italia) for 45 min, followed by 30 min of
0.25% trypsin (Worthington Biochemical) treatment. Tissue sus-
pension was then mechanically dissociated, filtered through a
100 μm cell sieve (BD Biosciences, San Jose, California, USA)
and centrifuged 5 min at 900 rpm. Pellets were suspended and
the cell suspension (6 × 104 cells) was seeded on poly-L-lysine
(100 μg/ml)–laminin (2 μg/ml) coated 35 mm Petri dishes, in
DMEM-FCS 10% plus 2 μM forskolin and 10 pM insulin, at
37 °C, 5% CO2 and 95% humidity.

DRG Neuronal Cultures Briefly, DRGs were dissociated [13]
for 40 min in Ham’s F12 medium (Life Technologies
Italia), containing 0.125% (w/v) collagenase Type IV
(Worthington Biochemical), followed by 30 min digestion
with 0.25% (w/v) trypsin (Worthington Biochemical) and
filtration with 100 μm cell sieve (BD Biosciences). Cells
were suspended in Ham’s F12 and purified on a gradient of
15% (w/v) bovine serum albumin (BSA; Sigma-Aldrich,
Milan, Italy). The final neuronal pellet was suspended in
Bottenstein and Sato’s medium with minor changes
(BSM—F12 medium plus 1:1 N2 (100 μM putrescine,
30 nM sodium selenite, 20 nM progesterone, 0.1 mg/ml
BSA, 1.3 mM transferrin and 10 pM insulin), all Sigma-
Aldrich) plus 10 μM arabinoside C (AraC; Sigma-
Aldrich). A cell suspension (1.5 × 104) of neurons was
seeded on a 35 mm Petri dish coated with poly-L-lysine
(100 μg/ml)–laminin (2 μg/ml) (Sigma-Aldrich). After
2 h, nerve growth factor 50 ng/ml was added and cells were
grown at 37 °C, 5% CO2 and 95% humidity.

DRG and SC Co-Culture and In Vitro Myelination

Mice DRG and SC co-cultures were set up on poly-L-lysine
(100 μg/ml)–laminin (2 μg/ml) coated Petri dishes as previ-
ously described for rat cultures [14] with minor changes. To
this end, dissociated DRG neurons were plated on Petri as
described above and incubated for 3 days in vitro (div), in
presence of 10 μM AraC to avoid endogenous glial cell con-
tamination. In parallel, SCs obtained as described above were
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trypsinised, suspended in differentiating co-culture medium
(F12 plus DMEM (1:1), FBS 2.5% (v/v), forskolin 4 μM, 1×
N2 complement, NGF 50 ng/ml) and plated (2 × 104 cells/
well) on the top of pre-seeded DRG neurons plates. After
5 div, media was switched to myelinating medium: F12 plus
DMEM (1:1), FBS 2.5% (v/v), 1× N2 complement, NGF
50 ng/ml, GGF 126 ng/ml and ascorbic acid 1 mg/ml.
Medium was changed every 3 days. Cells were maintained
in myelination medium up to 21 days before processing for
light microscopy (Axiovert 200; Zeiss, Germany) or immuno-
fluorescence (IFL) analysis.

Proliferation, Migration and Chemotaxis Assay

Proliferation assay on SCs, from experimental or control mice,
was performed using an automated cell counter (Luna®;
Logos Biosystems Inc., Annandale, USA); 1 × 105 cells were
plated into 35 mm Petri dishes and collected after 48 and 72 h
with trypsin 0.05%–EDTA 0.02% in phosphate buffer solu-
tion (PBS; Euroclone). Cell suspensions were counted with
the vital stain Trypan Blue (Logos Biosystems, Annandale,
VA, USA); each experimental point was in quadruplicate
and experiments replicated at least three times.Wound healing
assay was performed bymaking a scratch on the bottom of the
Petri dish, followed by a media change with the addition of
mitomycin-C 50 ng/ml (Sigma-Aldrich) to counteract cell
proliferation. Cells were then photographed with a scanning
microscope (Axiovert 200; Zeiss, Germany) at different time
points: 6, 24, 48 and 72 h after the scratch. Pictures were
acquired using MetaVue software and the distances between
cell fronts were measured with Image-ProPlus 6.0 (Media
Cybernetics, Rockville, MD, USA), with at least nine mea-
surements taken from the top to the bottom of the Petri dish.
Migration was also tested by Boyden assay (chemotaxis)
using a 48-well Boyden’s chamber, according to manufac-
turer’s instructions (Neuroprobe, Cabin John, MD, USA).
Then 28 μl of control medium (DMEM) or DMEM/FCS
1% was placed in the lower compartment of the chamber,
as chemo-attractants. The open-bottom wells of the upper
compartment were filled with cells (1 × 105 cells/well),
collected by trypsin treatment and suspended in
DMEM + 0.1% bovine serum albumin (BSA; Sigma-
Aldrich). Cells migrate through a polyvinylpyrrolidone-
free polycarbonate porous membrane (8 μm pores) pre-
coated with gelatine (0.2 mg/ml in PBS, 5 days at 4 °C).
After migration (overnight, 37 °C, 5% CO2 and 95% hu-
midity), cells adherent to the underside of the membrane
were fixed by methanol and stained according to the Diff-
Quik kit (Biomap, Milan, Italy). For quantitative analysis,
cells were counted using a ×40 objective on an optical
microscope; three random objective fields were counted
for each well and the mean number of migrating cells
was calculated.

RNA Extraction and qRT-PCR

RNA samples from experimental and control SC and
DRG neuronal cultures were extracted using Trizol™
(Gibco-Life Technologies) according to the manufac-
turer’s protocol and quantified with NanoDrop2000
(Thermo Scientific). Pure RNA was obtained after
DNAse I treatment with a specific kit (Sigma-Aldrich).
One microgram of RNA was reverse-transcribed to
cDNA using iScript™ Reverse Transcription Supermix
for RT-qPCR (Bio-Rad, Hercules, CA). Primers (see
sequences in Table 1) were des igned wi th the
PrimerBlast software (NIH, Bethesda, MD, USA).

Ten nanograms of cDNA for each sample were used for
real-time PCR. qRT-PCR was performed by measuring the
incorporation of SYBR Green dye (Bio-Rad, Italy) on CFX
96 Real Time System-C1000 touch thermal cycler (Bio-
Rad). Data analysis was performed using the CFX
Manager 2.0 software (Bio-Rad), based on the ΔΔCt
method for the relative quantification. The threshold cycle
number (Ct) values of both the calibrator and the samples
of interest were normalised to the Ct of the endogenous

Table 1 Sequences of primers used in qRT-PCR

Primer name Primer sequence

RAα2-R AGACAGGGCCAAAACTGGTCA

RAα3-F GCTTAGCCTCCAACTTGTTTCTCC

RAα3-R GAAGAGACCTGTGAGATCGAGTGT

RAα4-F TCCTGGATTTGGGGGTCCTGTTA

RAα4-R TCAACATCAGAAACGGGCCCAA

RAα5-F CCAGTCACTTTGGCTTTTCGCA

RAα5-R AGGCCGCAGTCTGTTGTCAT

RAβ1-F TTGGGGCTTCTCTCTTTTCCCG

RAβ1-R TGCTGGGTTCATTGGAGCTGT

RAβ2-F TGCTGGGTTCATTGGAGCTGT

RAβ2-R CGCACGGCGTACCAAAACAT

RAβ3-F TGTCACTGGCGTGGAAAGGA

RAβ3-R ATAGGCACCTGTGGCGAAGA

RAγ2-F CATGGAGCATTGGAAGCTCAGTC

RAγ2-R TGTGAAGCCTGGGTAGAGCGAT

Raδ-F TGCCCACTTCAATGCCGACT

Raδ-R CATCCATCTCTGCCCTTGGCTT

α-Tubulin-F (m + r) TCGCGCTGTAAGAAGCAACACC

α-Tubulin-R (r) GGAGATACACTCACGCATGGTTGC

α-Tubulin-R (m) ATGGAGATGCACTCACGCATGG

β-Actin-F (r) ACAGCTGAGAGGGAAATCGTGC

β-Actin-R (r) CCACAGGATTCCATACCCAGGAAG

β2-Microglobulin-F (m) CCCTGGTCTTTCTGGTGCTTGT

β2-Microglobulin-R (m) ATGTTCGGCTTCCCATTCTCCG

β2-Microglobulin-F (r) GCTTGCCATTCAGAAAACTCCCC
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housekeeping genes. Data analysis was performed accord-
ing to the Pfaffl method [15] and results are expressed as
relative expression normalised on the geometric mean of a
set of housekeeper genes. As a calibrator, we used the
RNA obtained from control samples.

qRT-PCR for miR-338-3p and -5p was performed with the
same conditions described above, by using miRCURY
LNA™ (Exiqon, Euroclone) containing specific primers and
the housekeeping probe hsa-103, still based on the ΔΔCt
method for the relative quantification.

Immunocytochemistry and Cell Morphology
Assessment

Cells were fixed in 4% (w/v) paraformaldehyde (PFA) and
processed for immunostaining. SC purity (more than 98%)
was tested with a specific rabbit polyclonal antibody against
glycoprotein P0 (Sigma-Genosys), as previously described
[16]. Phalloidin–FITC staining of f-actin (1:250, with
phalloidin from Amanita phalloides, Sigma P2141) was used
to reveal the SC cytoskeleton. Slides were incubated overnight
at 4 °C in PBS, 0.25% (w/v) BSA, 0.1% (v/v) Triton X-100
and the specific primary antibody. Other primary antibodies
used in this experiments were the following: 1:200 rabbit
p o l y c l o n a l a n t i G A B A - B 1 ( a n t i g e n
TMILSSQQDAAFAFASLAIVFSS; Abcam 68554); 1:500
rabbit polyclonal anti S100 (Dako Z0311); 1:500 rabbit affin-
ity isolated anti-βIII-tubulin (antigen LISKVREEYPDRIMN,
Sigma T3952); 1:500 mouse monoclonal purified anti NF200
(clone RMdO20, Sigma N2912); 1:200 chicken polyclonal
anti calcitonin gene related peptide (CGRP; Chemicon,
AB5705); 1:200 rat monoclonal anti MBP (antigen
DENPVV, Millipore MAB386). The following day, the slides
were washed twice and incubated 2 h at room temperature
with Alexa-488 (green) or Alexa-594 (red) specific secondary
antibodies (1:800, Gibco-Life Technologies). After washing,
slides were mounted using Vectashield™ (Vector
Laboratories, Burlingame, CA, USA) and nuclei stained with
4,6-diamidino-2-phenylindole (Dapi). To ensure specificity,
control slides were incubated in solutions lacking primary
antibodies. Confocal microscopy was carried out using a
Zeiss LSM 510 System (Gottingen, Germany) and images
were processed with Image Pro-Plus 6.0 (Media
Cybernetics, Bethesda, MA).

For determination of cell morphology, SCs and DRG
neurons were treated and fixed as above, then images were
blindly analysed with Image J (v1.47f; National Institutes
of Health, Bethesda, MD, USA). Cell length, width and
axon length were measured and the ratio was calculated
as length/width for each cell measured. At least 20 cells
were measured for each picture, and 12 pictures were taken
for each experimental group (GABA-B1fl/fl vs. P0-GABA-
B1fl/fl mice).

Transcriptomic Expression Profile

Transcriptomic expression profile of cell cultures (SCs and
DRG neurons) from P0/GABA-B1fl/fl (experimental) or
GABA-B1fl/fl (control) mice was analysed by Affymetrix
MoGene 2.0 st arrays. To this end, total RNA was extracted
from lysed cells in Qiazol lysis reagent using RNeasy minikit
(Qiagen) according to the manufacturer’s protocol. RNA
quantification was performed using NanoVue spectrophotom-
eter (GE Healthcare). Three micrograms of total RNA were
treated with DNAse reaction kit (Sigma-Aldrich) to inactivate
possible contaminant DNA.

Biotin-labelled cDNA targets were synthesised starting
from 200 ng of total RNA. Double-stranded cDNA synthesis
and related cRNA was performed with Ambion® WT
Expression Kit (Ambion, Austin, TX). With the same kit,
the sense strand cDNA was synthesised before being
fragmented and labelled with Affymetrix GeneChip® WT
Terminal Labeling Kit (Affymetrix, Santa Clara, CA). All
steps of the labelling protocol were performed according to
manufacturer’s instructions.

Targets were diluted in hybridisation buffer at a concentra-
tion of 25 ng/μl, denatured at 99 °C for 5 min, incubated at
45 °C for 5 min and centrifuged at maximum speed for 1 min
prior to introduction into the GeneChip® cartridge. A single
GeneChip® MOUSE Gene 2.0 ST was then hybridised with
each biotin-labelled sense target. Hybridisations were per-
formed for 16 h at 45 °C in a rotisserie oven. GeneChip®
cartridges were washed and stained with GeneChip®
Hybridization, Wash and Stain Kit in the Affymetrix
Fluidics Station 450 following the FS450_0002 standard
protocol.

GeneChip arrays were scanned using an Affymetrix
GeneChip® Scanner3000 7G using default parameters. The
normalisation was calculated with the robust multiarray anal-
ysis algorithm [17] and data post-processing performed with
MatLab. For the molecular signatures enrichment analysis, the
molecular signatures were taken from the gene set collection
C5 of the version 3.0 of the Molecular Signatures Database
(MSigDB) [18]. The significance of the gene set of the differ-
ent expressed genes was analysed using an enrichment ap-
proach based on the hypergeometric distribution. The signif-
icance (p value) of the gene set enrichment was calculated
using the hypergeometric distribution. The multitest effect in-
fluence was corrected through controlling the false discovery
rate using the Benjamini–Hochberg correction at a signifi-
cance level α = 0.05.

In Silico miR-338 Analysis

Possible miRNA transcript target were predicted by using
MyMIR database (http://www.itb.cnr.it/micro/), a system
based on integration, filtering and re-ranking of outputs
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produced by different miRNA databases (i.e. miRANDA,
TargetScan, RNAHybrid). STRING database (https://string-
db.org/) was used to obtain a list of Gene Ontology (http://
www.pantherdb.org/panther/ontologies.jsp) biological
processes (BP) significantly enriched (p value < 0.05) for
miR-338-3p targets.

For the analysis, we used the false discovery rate (FDR)
adjusted p value to reduce the possibility of false-positive
results. The fold enrichment in miR-338-3p was calculated
using the formula: fold enrichment = (m/n)/(M/N), where
m = genes target in a BP, n = all genes target in the list, M =
all genes in a BP and N = all genes in the genome. A fold
enrichment greater than 1 (expected value) indicates that the
category is over-represented in the input list.

Statistical Analysis

Data were statistically evaluated by GraphPad Prism 4.00
(San Diego, USA). Statistical significance between groups
was determined by means of an unpaired Student’s t test or
one-way ANOVA with Tukey’s post-test. Experiments were
repeated at least three times. All data were expressed as mean
± standard error of the mean (SEM) of the determinations
performed at a significance level α = 0.05.

Results

Selection of P0-GABA-B1fl/fl Mice

P0-GABA-B1fl/fl mice with a SC-specific deletion of the
GABA-B1 receptor sequence were genotyped, as previously
described [1], and used as experimental mice to derive prima-
ry cell cultures. Briefly, by using a set of P5/P6 primers, we
selected the P0-GABA-B1fl/fl genotype, presenting a specific
band of 740 bp, different fromwildtype allele, showing a band
of 530 bp. A PCR with a set of specific primers, recognising
the P0-CRE sequence, generated an amplicon of 492 bp for
the experimental mice (P0-GABA-B1fl/fl); GABA-B1fl/fl

mice, in which the 492 bp band was absent, were used as
controls (Fig. 1a). To confirm somatic recombination, geno-
mic DNA from liver and sciatic nerve of P0-GABA-B1fl/fl

mice were analysed with a P7/P8 primers set. Liver showed
a 1.42-kbp band while sciatic nerve showed a 360-bp band,
resulting from the excision of the GABA-B floxed fragment
specifically in the sciatic nerve (Fig. 1a). Cells were compared
to cultures obtained from GABA-B1fl/fl, used as controls.

SCs of P0-GABA-B1fl/fl Mice Express Typical Markers
But Not GABA-B1 Receptor

SCs obtained from control and experimental mice were cul-
tured, showing typical in vitro morphology (Fig. 1b). As

expected, the GABA-B1 was absent in SCs from P0-
GABA-B1 f l / f l m ice , a l t hough these ce l l s we re
immunopositive for the most characteristic marker glycopro-
tein P0 (Fig. 1c). Cell purity was stated about 96–98%. As
shown in Fig. 1d, SCs were also immunopositive for S100,
another characteristic SC marker. No morphological differ-
ences were found between SCs from P0-CRE/GABA-B1fl/fl

(experimental) or GABA-B1fl/fl (control) mice. This was con-
firmed by phalloidin labelling, suggesting no remarkable dif-
ferences in cytoskeletal structure. The successful establish-
ment of SC cultures from experimental mice and the

Fig. 1 Characterisation of SCs of P0-GABA-B1fl/fl mice. a PCR images
of genotyping with CRE1/CRE2, P5/P6 and P7/P8 primers. P5/P6 distin-
guished the GABA-B1fl/fl (740 bp specific band) from the GABA-Bwt

genotype (530 bp specific band). CRE1/CRE2 distinguished the P0-
GABA-B1fl/fl experimental mice (492 bp band) from GABA-B1fl/fl con-
trol mice (band was absent). P7/P8 confirmed P0-GABA-B1fl/fl experi-
mental mice (360 bp band) resulting from the GABA-B floxed fragment
in the sciatic nerve, whereas the liver showed a 1420 bp band. b Light
microscopy images of SCs from P0-GABA-B1fl/fl and GABA-B1fl/fl

mice. Bar 10 μm. c Immunofluorescence localisation of GABA-B1
(green) in SCs, identified with the specific marker P0 (red). Nuclei stained
with dapi (blue). Merged images confirmed the presence of GABA-B1 in
SCs from GABA-B1fl/fl and the absence in SCs from P0-GABA-B1fl/fl

mice. Scale bar 10μm.d Immunofluorescence images of SCs stainedwith
phalloidin (cytoskeleton marker), S100 and P0 (typical SCs markers)
showing that there are no differences between cells from P0-GABA-
B1fl/fl and GABA-B1fl/fl mice. Bar 10 μm
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immunopositivity for specific markers suggested that SCs are
capable of proliferating/differentiating in vitro, regardless of
the absence of GABA-B1 receptors.

DRG Neurons of P0-GABA-B1fl/fl Mice Express Normal
Neuronal Markers

DRG neuronal cultures were successfully obtained from ex-
perimental P0-GABA-B1fl/fl mice and light microscopy ob-
servations showed the typical DRG neuron morphology in
vitro, with successful attachment and neurites sprouting
(Fig. 2a). Given these cells are very sensitive to in vitro cul-
turing, this confirms the reliability of the methodological pro-
cedure. Differently from SC cultures (which lacked GABA-
B1 receptor immunopositivity), the GABA-B1 receptor was
found in DRG from both P0-GABA-B1fl/fl (experimental) and

GABA-B1fl/fl (control) mice, as shown by immunofluores-
cence analysis (Fig. 2b). Moreover, DRG neurons were
immunopositive for S-100, high-density neurofilament
NF200 and CGRP, the latter one being a marker of peripheral
afferents and sensitive neurons (Fig. 2c). As per SC
cultures, also for DRG neurons, no major morphological
differences between cells from P0-GABA-B1f l / f l

(experimental) or GABA-B1fl/fl (control) mice were found.
Importantly, not all neurons resulted immunolabelled for
CGRP, according to a specific labelling for nociceptive fibres
as shown also in vivo [19]. However, to investigate further
on the functional differences between experimental and
control DRG neurons in vitro, we tested the cells for
neurites outgrowth by measuring the length of the neuritis
using a mouse anti-βIII-tubulin antibody. The average
neurite length was significantly reduced (p < 0.05) in
DRG neurons derived from mice with conditional deletion
of the GABA-B1 receptor in SC (Fig. 2d), changing from
305.1 ± 41.28 μm in control cells to 204.2 ± 15.76 μm in
experimental cells.

SCs of P0-GABA-B1fl/fl Mice Altered Proliferative,
Migratory and Myelinating Capacities

We hypothesised that SCs from P0-GABA-B1fl/fl mice, which
showed normal morphology, should also preserve prolifera-
tive characteristic. To test this hypothesis, we quantified the
amount of proliferating SCs in vitro by phase-contrast and
immunofluorescence microscopy (against P0 marker) in pres-
ence of different concentrations of the mitogen factor
forskolin (2, 4 and 100 μM). By qualitative assessment of cell
numbers, it was apparent that SCs from P0-GABA-B1fl/fl

(experimental) showed a dose-dependent rise in proliferation
following exposure to increasing forskolin concentrations
(Fig. 3a). Indeed, SCs exposed to high 100 μM forskolin for
14 days showed almost double proliferative capacity, com-
pared to lower forskolin concentrations, 2 and 4 μM
(Fig. 3a). Conversely, the quantitative evaluation of SCs from
P0-GABA-B1fl/fl mice showed a significant (p < 0.001) de-
crease in proliferation, when exposed for 48 and 72 h to either
4 or 100 μM forskolin (Fig. 3b). Notably, P0-GABA-B1fl/fl

experimental mice did not show any significant change be-
tween 4 and 100 μM forskolin treatments (Fig. 3b).

In accordance with the literature [20], increases in forskolin
concentration changed the morphological parameters of SCs,
becoming increasingly spindle-shaped and elongated
(differentiated) at higher forskolin concentrations (Fig. 3c).
However, quantitative evaluation of SCs aspect ratio, exposed
to 100 μm forskolin, did not show any significant change
between control and P0-GABA-B1fl/fl experimental cells
(Fig. 3c).

Overall, our results corroborate the hypothesis, previously
investigated in vivo [1], that GABA-B1 receptors participate

Fig. 2 Characterisation of DRG neurons of P0-GABA-B1fl/fl mice. a
Light microscopy image of DRG neuron from P0-GABA-B1fl/fl mice.
Bar 10 μm. b Immunofluorescence localisation of GABA-B1 (green) in
DRG neurons, identified with the specific marker βIII-tubulin (red).
Nuclei stained with dapi (blue). Merged images confirmed the presence
of GABA-B1 in DRG neuron both from GABA-B1fl/fl and P0-GABA-
B1fl/fl mice. Scale bar 10 μm. c Immunofluorescence images of DRG
neurons stained with S100, NF200 and CGRP (characteristic markers)
showing that there are no significant differences between cells from P0-
GABA-B1fl/fl and GABA-B1fl/fl mice. Bar 10 μm. d Assessment of
neurites outgrowth (length in μm) by using a mouse anti-βIII-tubulin
antibody. Average neurite length was significantly reduced (p < 0.05) in
DRG neurons from P0-GABA-B1fl/fl mice. Values are means ± SEM
(n = 6)
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as regulator of SC proliferation. Furthermore, to evaluate the
effect of GABA-B1 depletion on functional parameters of
SCs, their migratory capability was assessed through a wound
healing assay in presence of mitomycin-C 50 ng/ml to block
cell proliferation; cells were studied at different time points
(24, 48 and 72 h) after the scratch. SCs from P0-GABA-B1fl/fl

experimental mice showed a significant decrease in migratory

capability at 48 h (p < 0.01) and 72 h (p < 0.001) after the
scratch (Fig. 3d); the distance changed from 387.5 ±
11.21 μm in control to 305.9 ± 17.74 μm in experimental cells
after 48 h and from 436.8 ± 12.74 μm in control to 285.9 ±
10.42 μm in experimental cells at the 72-h time point
(Fig. 3d).

To evaluate the myelinating capability, which is a key func-
tional output of SCs, we established a co-culture system of
SCs with DRG neurons [14]. This is a reliable method that
allows fine manipulation of the microenvironment, together
with the modelling and studying of the signalling mechanisms
between PNS cells. Namely, this in vitro system provides a
physiological model for in vivo-like studies of nerve func-
tions. The morphology of the co-culture system with control
cells (from GABA-B1fl/fl mice) under basal condition (non-
myelinating state) showed that SCs lie underneath and sur-
round DRG neurons, which showed a classic neurites
arborisation (Fig. 3e), confirming the good quality of our co-
culture system. In particular, after 7–10 days in basal co-
culture conditions, some SCs were aligned alongside neurites
(white arrows in Fig. 3f), a pre-requisite to start the
myelination programme. Myelination was induced with the
myelinating medium containing F12 plus DMEM (1:1), FBS
2.5%, N2 complement, forskolin 4 μM, NGF 50 ng/ml, GGF
126 ng/ml and ascorbic acid 1 mg/ml. The co-cultures were
st imulated for myelination for 14–21 days, then
immunolabelled with anti-βIII-tubulin antibody (neuronal
marker) or anti-myelin basic protein (MBP; SCs marker) an-
tibody. As shown in Fig. 4a, SCs in co-culture stained posi-
tively for MBP (green), which co-localised with βIII-tubulin
(red), producing a merged (yellow) signal. This resembles the
myelination process in vitro, peaking around the third week in
culture (21st div). The experimental design consisted in cross-
ing the DRG neurons, from P0-GABA-B1fl/fl (experimental)
or GABA-B1fl/fl (control) mice, with the SCs from P0-
GABA-B1fl/fl (experimental) or GABA-B1fl/fl (control) mice.
Therefore, four different conditions were obtained: DRG neu-
rons control with SCs control; DRG neurons experimental
with SCs control; DRG neurons control with SCs experimen-
tal; DRG neurons experimental with SCs experimental.
Treatment of DRG neurons with Ara-C was used prior to
co-culture, to prevent any cross-contamination with SCs from
the same mice genotype. Cells were then processed for immu-
nofluorescence with a primary antibody against βIII-tubulin
(to label neurons) andMBP, to label SCs and myelin (Fig. 4b).
The co-culture from control DRG neurons and SCs showed a
good grade of myelination, as represented by the merged
staining (yellow). Myelination decreased progressively when
either control SC or control DRG neurons were replaced with
cultures obtained from experimental mice. Interestingly, the
lowest amount of myelin staining was found in the co-
culture obtained by experimental DRG neurons and experi-
mental SCs (Fig. 4b). Altogether, these findings corroborate

Fig. 3 Proliferative and migratory changes in SCs of P0-GABA-B1fl/fl

mice. a Immunofluorescence images of SCs, from P0-GABA-B1fl/fl and
GABA-B1fl/fl mice, exposed for 14 days to different forskolin (fsk) con-
centrations (2, 4 and 100 μM) and labelled with an antibody against P0
(green). Bar 10 μm. b SCs proliferation was assessed at 48 and 72 h
following treatment with 4 and 100 μM fsk, respectively. A significant
proliferation decrease was observed with all experimental conditions (p <
0.001). Data are expressed as mean of fold changes ± SEM. c
Magnification of a representative SC elongation in a immunofluorescence
image. Aspect ratio was measured in SCs exposed to 100 μM fsk. No
significant change between control GABA-B1fl/fl (white column) and P0-
GABA-B1fl/fl (black column) experimental cells was observed. d
Histograms of cell distance (μm) of SCs from P0-GABA-B1fl/fl (black
column) and GABA-B1fl/fl (white column) at 24, 48 and 72 h after the
scratch. P0-GABA-B1fl/fl experimental mice showed a significant de-
crease in migratory capability at 48 h (p < 0.01) and 72 h (p < 0.001).
Data are expressed as mean ± SEM. e Light microscopy image of DRG
neuron and SCs co-culture at 1 day in vitro (div) and 3 div under basal
(non-myelinating state) condition. Bar 50 μm. After 7–10 div in basal co-
culture conditions, some SCs were aligned alongside neurites (white ar-
rows in f, bar 20 μm)
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our previous results in vivo, supporting the role of GABA-B1
receptor in controlling the peripheral myelination process.
Indeed, as expected in the co-culture obtained from both
DRG neurons and SCs originated from GABA-B1-deficient
mice, the myelination process resulted in a strongly compro-
mised state also in vitro (Fig. 4b). These findings further sup-
port the importance of the peripheral cross-talk between neu-
ronal and glial cells for a key process such as myelination.

Identification of Target Genes in SCs and DRG
Neurons of P0-GABA-B1fl/fl Mice by Genome-Wide
Screening

We then further investigated GABA-B1 receptor function by
evaluating the transcriptomic expression profile of SCs and
DRG neurons from P0-GABA-B1fl/fl (experimental) or
GABA-B1fl/fl (control) mice. The results obtained showed a
considerable amount of genes modulated in both SC and DRG

neuron by the selective deletion of the GABA-B1 receptor in
SCs, thus supporting the importance of the cross-talk, and the
presence of SC non-autonomous effects downstream GABA-
B1 activation in vitro.

In SCs, we found expression changes of several genes
encoding for distinct classes of proteins involved in several
intracellular pathways relevant for neuroinflammation, adhe-
sion and cell proliferation (i.e. cytokines, chemokines or pro-
teins of the extracellular matrix, etc.). From the total number
of transcripts in the microarrays (41,345), we found 1099
transcripts, accounting for 2.66% of total transcripts, differen-
tially expressed in control versus experimental SCs. The first
set of 276 genes, with an expression level log-2 scaled, were
differentially expressed in P0-GABA-B1fl/fl mice; we found
38 downregulated and 238 upregulated genes in P0-GABA-
B1fl/fl mice versus controls (Fig. 5a). Themolecular signatures
enrichment analysis discloses that some of these genes mod-
ulate common intracellular mechanisms, regulating similar
physiological functions. As shown in Fig. 5b, most of the
upregulated proteins belong to the extracellular matrix,
supporting our findings on altered migration capability of
SCs and confirming the relevance of GABA-B1 receptor in
controlling SC plasticity. Furthermore, several families of
chemokines and cytokines genes were found to be upregulat-
ed in P0-GABA-B1fl/fl, stressing the putative role of GABA-
B1 receptor in the neuroinflammatory response and in periph-
eral nociceptive processes.

The heat map (Fig. 5c) was calculated based on the criteria
of the p value and 1 log2-fold change, and showed the follow-
ing top upregulated genes: Gzme, Mmp3, Tfpi2, Fgf7,
Serpinb2, Pcdh19, Osr1 and Vcan.

The analysis of the DRG neurons transcriptome also sug-
gested some changes in the expression of genes coding for
proteins controlling key cellular pathways. Among 41,345
transcripts in the microarrays, 1.85% of total genes (corre-
sponding to 764 genes) were differently expressed. The first
set of 59 genes, with an expression level log-2 scaled, were
differently expressed in P0-GABA-B1fl/fl mice; 33 genes were
downregulated while 26 upregulated genes in P0-GABA-B1fl/
fl mice (Fig. 5d). Almost the entirety of these genes was related
to synaptic transmission, acetylcholine transmission and to the
nicotinic gated receptors family (Fig. 5e).

miR-338 Is Modulated in SCs of P0-GABA-B1fl/fl Mice:
qRT-PCR and In Silico Analysis

Interestingly, transcriptomic analysis showed that some mi-
RNAs were up- or downregulated in P0-GABA-B1fl/fl mice.
We focused our attention on miR-338, which has been impli-
cated in oligodendrocyte maturation and mainly in SC differ-
entiation [21, 22]. First, we confirmed miR-338 expression in
SCs cultures from both P0-GABA-B1fl/fl and GABA-B1fl/fl

mice, finding a significant downregulation (p < 0.01) of the

Fig. 4 Changes in an in vitro myelination system of SCs and DRG
neurons of P0-GABA-B1fl/fl mice. a Immunofluorescence images of
SCs and DRG co-culture system of GABA-B1fl/fl mice, mimicking in
vitro the myelination process in vivo. SCs stained positively for the
specific marker MBP (green), which co-localised with βIII-tubulin
marker of neurons (red), producing a merged (yellow) signal. Bar
20 μm. b Immunofluorescence images of co-culture. DRG neurons
from P0-GABA-B1fl/fl (experimental) or GABA-B1fl/fl (control) mice
were crossed with SCs from P0-GABA-B1fl/fl (experimental)
or GABA-B1fl/fl (control) mice, obtaining four different experimental
conditions. SCs marker MBP in green and neuron βIII-tubulin marker
in red; merge in yellow. Myelination decreased progressively when
either control SC or control DRG neurons were replaced with cells from
experimental mice. Bar 20 μm
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miR-338 3p segment (miR-338-3p) (Fig. 6a), while the 5p
segment did not change (Fig. 6b). Then, to investigate the
potential role of miR-338-3p in our model, we performed in
silico analysis on the mouseMyMIR databases.We obtained a
list of 729 putative target transcripts of miR-338-3p in mouse.
Thereafter, we used STRING, a Gene Ontology (GO) based
tool, finding that these targets were significantly clustered in
three principal pathways: biological processes, molecular
functions and cellular compartment; this suggested that miR-
338-3p takes part in their regulation. Then we focused on
‘biological processes’, calculating the fold enrichment in
miR-338-3p target transcripts in the different sub-pathways,
using the following equation:

Fold enrichment ¼ m� n
M � N

where ‘m’ are the target genes in ‘biological processes’; ‘n’ are
all genes in the list; ‘M’ are all genes in ‘biological processes’;
‘N’ are all genes in the genome.

Based on the fold enrichment and p value (of the false
discovery rate, FDR), the main GO biological pathways in-
volved are nervous system development, anatomical structure
morphogenesis, signal transduction, intracellular signalling
transduction, synaptic transmission and cell-to-cell signalling
(Fig. 6c).

GABA-A Receptor Subunits Are Cross-Modulated
in P0-GABA-B1fl/fl Mice

The peripheral GABAergic system also includes GABA-A
receptors. Thus, it was of interest to analyse the basal
GABA-A receptor subunit expression in SCs and DRG neu-
rons. We focused the attention on classic subunits (e.g. α2,
α3, β1–3, γ2) and also on subunits commonly forming the
extra-synaptic receptors (e.g. α4, α5 and δ), which are
attracting increasing interest in recent years [23, 24]; these
subunits have not been previously characterised in the PNS.
Performing this analysis, we confirmed that synaptic subunits
(e.g. α2, α3, β1, β2, β3 and γ2) are expressed in SCs [25];
interestingly, also the extra-synaptic α4, α5 and δ receptor
subunits were found in SCs (Fig. 7a, left panel). Similarly,
all synaptic and extra-synaptic subunits were also found in
DRG neurons (Fig. 7a, right panel). Basal expression in SCs
showed a prevalence of extra-synaptic-like GABA-A subunits
(e.g. α4 and δ subunits, alongside the β3 subunit). Indeed,
DRG neurons showed higher expression of synaptic GABA-
A subunits, including the characteristic α2 and γ2 subunits,
and of the β3 subunit (Fig. 7a).

Then, we analysed whether depletion of GABA-B1 recep-
tor in P0-GABA-B1fl/fl mice resulted into a cross-regulation of
GABA-A receptors.

Fig. 5 Genome-wide screening identification of target genes in SCs and
DRG neurons of P0-GABA-B1fl/fl mice. a Pairwise scatter plot of SC
from GABA-B1fl/fl (control) versus P0-GABA-B1fl/fl (experimental)
mice. The heat map on top shows the expression of all the probes
associated with the genes appearing in scatter plots. The colour bar in
the top codifies the gene expression in log2 scale. The higher is the gene
expression the more red is the colour. b Plot bar of the − log10(p) of the
significant enriched terms of SC from GABA-B1fl/fl (control) versus P0-
GABA-B1fl/fl (experimental) mice − log2(2). The longer the bar,
the higher is the statistical significance of the enrichment (p values in
parentheses). c Heat map of the top upregulated genes in SC from
GABA-B1fl/fl (control) versus P0-GABA-B1fl/fl (experimental) mice. d
Pairwise scatter plot of DRG neurons fromGABA-B1fl/fl (control) versus
P0-GABA-B1fl/fl (experimental) mice. The heat map on top shows the
expression of all the probes associated with the genes appearing in scatter
plots. The colour bar in the top codifies the gene expression in log2 scale.
The higher the gene expression, the more intense the red colour. e Plot bar
of the − log10(p) of the significant enriched terms of DRG neurons from
GABA-B1fl/fl (control) versus P0-GABA-B1fl/fl (experimental) mice −
log2(2). The longer the bar, the higher is the statistical significance of the
enrichment (p values in parentheses)
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Quantitative analysis by qRT-PCR showed a clear tenden-
cy towards downregulation of some subunits in both SCs and
DRG neurons (Fig. 7b, c) in (experimental) P0-GABA-B1fl/fl

compared to GABA-B1fl/fl (control) mice. In particular, the
α3 subunit was significantly downregulated in both SCs (p
< 0.05) and DRG neurons (p < 0.01) of GABA-B1fl/fl experi-
mental mice, compared to P0-GABA-B1fl/fl controls.
Additionally, α4 (p < 0.05), β1 (p < 0.001) and δ (p < 0.01)
were significantly downregulated in DRG neurons of P0-
GABA-B1fl/fl (experimental) mice, suggesting a neuron-
specific control of extra-synaptic GABA-subunits in P0-
GABA-B1fl/fl mice. Overall, other GABA-A subunits seemed
to be unaltered in the experimental mice versus control.

Discussion

In this study, we investigated in vitro primary cultures (isolat-
ed or in a co-culture system) of SCs and DRG neurons from
P0/GABA-B1fl/fl mice, finding proliferative, migratory and

myelinating modifications, as well as molecular and
transcriptomic changes, that corroborate our previous data
on the role of GABA-B1 receptor in the peripheral neuron–
SC cross-talk during development and maturation.

A recent in vivo study of P0-GABA-B1fl/fl conditional
mice [1] showed a characteristic morphological phenotype,
with increased number of small unmyelinated fibres and
Remak bundles, including nociceptive C-fibres, thereby
pointing to a role of GABA-B receptors in the regulation
of non-myelinating SCs and nociceptive pathways in the
PNS. Discerning the role of GABA-B receptors in SCs and
DRG neurons may be important to understand glial or
neuronal-mediated mechanisms and may be relevant for
the management of peripheral neuropathies and associated
pain.

For instance, the decrease in neurite length in cultured
DRG neurons from P0-GABA-B1fl/fl conditional mice proved
that the GABA-B1 receptor in the PNS may exert a double
control: it may directly regulate SCs during development, and
contemporarily it may indirectly regulate DRG neurons

Fig. 6 qRT-PCR and in silico
analysis of miR-338 in SCs of P0-
GABA-B1fl/fl mice. a qRT-PCR
of mRNA levels (expressed as
fold changes), coding for miR-
338-3p showed a decreased
expression in P0-GABA-B1fl/fl

mice (black column). Data were
normalised to the housekeeping
gene hsa-103 and expressed as
difference (ΔΔCt) versus
GABA-B1fl/fl (control, white
column). Values are
means ± SEM (n = 10); **p <
0.01. b qRT-PCR of mRNA
levels (expressed as fold
changes), coding for miR-338-5p.
Data were normalised to the
housekeeping gene hsa-103 and
expressed as difference (ΔΔCt)
versus GABA-B1fl/fl (control,
white column). Values are
means ± SEM (N = 10). c Gene
Ontology biological processes
(GO BPs) related to SCs
development are enriched in miR-
338-3p targets. Histograms show
the significant GO BPs enriched
in miR-338-3p target transcripts
(fold enrichment compared to
expected value = 1; left axis).
Dots represent p value (with FDR
correction) of the prediction for
each GO BP (right axis; log10
scale)
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morphology, at least in vitro. This outcome corroborates our
hypothesis on a GABA-B-mediated cross-control of SCs and
DRG neurons. In this scenario, DRG cultures obtained by P0-
GABA-B1fl/fl conditional mice, albeit genetically identical to
GABA-B1fl/fl (both still expressing GABA-B1), showed
physiological differences (such as altered neurite length, re-
duced myelination capacity and other molecular features),
which might be ascribed to the cross-talk with P0-GABA-
B1fl/fl SC during PNS development. It is worth mentioning
that control DRG (GABA-B1fl/fl) should have the same char-
acteristic of experimental DRG (P0-GABA-B1fl/fl), whereas
the latter seemed to performworse than control DRGs. During
development, indeed, the lack of GABA-B1 likely madeDRG
neurons less prone to be myelinated by SCs.

Moreover, SCs of P0-GABA-B1fl/fl mice showed altered
proliferative, migratory and myelinating capacities. Indeed,
independently by the presence of GABA-B1, SCs proliferate
in presence of increasing forskolin concentrations (from 2 to
100 μM). It is generally known that forskolin acts as a prolif-
erative factor in SCs, rising intracellular 3′,5′-cyclic adenosine
monophosphate (cAMP) levels, in turn inducing cell prolifer-
ation [26, 27]. However, the P0-GABA-B1fl/fl mice showed a
decreased proliferative and migratory capacities, suggesting
that GABA-B1 receptor participates in regulating these prop-
erties. Importantly, co-culture experiments demonstrated that
cells derived from the P0-GABA-B1fl/fl mice have an altered
myelinating potentiality; SCs presented lower myelinating ca-
pability, while DRG neurons showed altered myelinating

Fig. 7 GABA-A receptor
subunits are cross-modulated in
P0-GABA-B1fl/fl mice. a qRT-
PCR analysis of basal GABA-A
receptor subunits expression in
SCs and DRG neurons. Basal SCs
showed a prevalent expression of
extra-synaptic-like GABA-A
subunits, while DRG neurons
showed higher synaptic types.
Values are mean ± SEM (N = 6). b
qRT-PCR analysis of relative
mRNA levels (expressed as fold
changes) coding for α2, α3, α4,
α5,β1,β2,β3, δ and γ2 subunits
of GABA-A receptor in SCs of
P0-GABA-B1fl/fl mice (black
column) versus GABA-B1fl/fl

(control, white column). Values
are means ± SEM (N = 10); *
p < 0.05. c qRT-PCR analysis of
relative mRNA levels (expressed
as fold changes) coding for α2,
α3, α4, α5, β1, β2, β3, δ and γ2
subunits of GABA-A receptor in
DRG neurons of P0-GABA-B1fl/
fl mice (black column) versus
GABA-B1fl/fl (control, white
column). Values are
means ± SEM (N = 10); *p <
0.05, **p < 0.01, ***p < 0.001
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‘receptivity’ in the experimental groups compared to controls.
In agreement with our previous in vivo data [1], these findings
corroborate the hypothesis that GABA-B1 receptor partici-
pates in the regulation of SCs differentiation and plasticity
towards the non-myelinating state.

Changes in SCs transcriptomic patterns might be in agree-
ment with the biochemical outcomes observed. Indeed, some
of the genes upregulated in P0-GABA-B1fl/fl mice (i.e. Gzme,
Mmp3, Tfpi2, Fgf7, Serpinb2, Pcdh19, Osr1, Vcan) are in-
volved in differentiation or proliferation/migration of different
cell types and tissues. For instance, Vcan is a gene related to
system development, which regulates the early stage of neural
stem cell differentiation, through WNT/beta-catenin, into as-
trocytes [28]; Vcan encodes for the protein versican, an extra-
cellular matrix component. Up-regulation of versican has been
correlated to an adhesion inhibition of neonatal DRG neurons
and SCs in vitro [29]. Furthermore Mmp3 encodes for the
matrix metalloproteinases 3, which is a key regulator of the
extracellular matrix, playing a structural role in maintaining
the spatial relationship between muscle cell, SCs and presyn-
aptic motor neurons [30]. Interestingly, the Fgf7 gene,
encoding for the fibroblast growth factor 7 (FGF7), seems to
be involved in promoting the organisation of excitatory and
inhibitory presynaptic terminals in the hippocampus [31].
Mice lacking FGF7 are prone to epileptic seizures [31],
whereas the correlation of FGF7 levels with GABA receptor
in the PNS is mostly unknown.

Microarray analysis on SCs of P0-GABA-B1fl/fl also found
changes in a series of miRNAs, which are usually develop-
mentally regulated during SCmaturation and myelination [21,
32–34]. Among these we focused on miR-338, which is im-
plicated in SC differentiation [21, 22]. miR-338, at least the
segment 3p, was decreased in SCs of P0-GABA-B1fl/fl.
Notably, some miRNAs rise in pre-myelinating SCs, but drop
down during myelination [35]. In this light, the decrease in
miR-338-3p was in accordance with the loss of myelinating
capacity showed by the SC-DRG P0-GABA-B1fl/fl co-culture
system.

Interestingly, in this study, we confirmed the expression of
some GABA-A receptor subunits (synaptic and extra-
synaptic) in both neuronal and glial compartment, and detect-
ed the expression of GABA-A subunits that have not been
previously identified in the PNS. Moreover, the expression
levels of these GABA-A receptor subunits are cross-
modulated in SCs and DRG neurons from P0-GABA-B1fl/fl

mice. The basal expression level of some GABA-A subunits
has been previously investigated in rat sciatic nerves and SCs,
suggesting for example that α1 and α6 subunits are not im-
portantly expressed in peripheral nerves [36]. However, extra-
synaptic subunit expression was never assessed; therefore, to
the best of our knowledge, this is the first evidence about the
expression of these subunits in peripheral glial cells. The ex-
pression of GABA subunits has recently been analysed in

mature oligodendrocytes [37]. Indeed, it was reported that
the subunits more importantly expressed are α3, β2, β3, γ1
and γ3, with the δ subunit only being expressed at very low,
barely detectable, levels. This suggests that the myelinating
cells of the peripheral and the central nervous system present a
different pool of GABA-A subunits. We showed that SCs
express extra-synaptic subunits, in particular the δ subunit,
important for neuroactive steroid affinity [38]. Conversely,
oligodendrocytes express almost exclusively synaptic sub-
units. Therefore, taken together, these data suggest that SCs
and oligodendrocytes express GABA-A receptors with differ-
ent subunit composition, thus displaying a different pharma-
cological profile.

Recent studies demonstrated a cross-talk between the
GABA receptor system, indicating that GABA-A and
GABA-B receptors are involved in a complex cross-
regulation in the nervous system, for instance in the hypothal-
amus [39]. This cross-interaction has been previously
hypothesised also in the PNS, where it was proposed that
GABA-A andGABA-B receptors might exert opposite effects
on SCs pathophysiology [40].

Our findings also suggest that the synaptic receptors may
be more importantly expressed in DRGs, in line with previ-
ously reported data in which the most common receptor com-
position was α2β3γ2 [41], while extra-synaptic receptors
seemed to be predominant in SCs.

Although some studies reported the GABA-A-mediated
modulation of GABA-B receptor expression [36], little is
known about GABA-A modulation through GABA-B activa-
tion/de-activation. The analysis of GABA-A receptor modu-
lation in the P0-GABA-B1fl/fl model may help to explain
some of the changes observed in the PNS in vivo [1].

Observing GABA-A subunit expression in dissociated
DRG neurons, it is evident how these animals show a general
GABA-A downregulation. This evidence suggests a reduced
GABAergic inhibitory tone, which may contribute to the
hyperalgesic and allodynic state observed [1]. Indeed, in-
creased DRG neurons excitability was reported to play a role
in the initiation and maintenance of central sensitisation,
which is an important contributor to the development of neu-
ropathic pain [42]. It was also reported that the neuropathy
following peripheral nerve injury involves GABA-A reduced
expression in sensory neurons [43].Moreover, the silencing of
α2 subunit in rat DRG proved able to worsen mechanical and
thermal hypersensitivity in crush-injured rats, as well as en-
dogenous GABA up-regulation and alleviated neuropathic
pain symptoms [44].

A deepened analysis of the subunits involved in this mod-
ulation evidenced that GABA-B conditional knockout in the
SCs of P0-GABA-B1fl/fl has an effect on both synaptic (α3)
and extra-synaptic (α4 and δ) subunits in DRG neurons, while
only the synaptic subunit α3 was affected in SCs.
Interestingly, the strong specific reduction of α4 and δ
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subunits (typically forming the most common extra-synaptic
receptor [24]) in DRG neurons may suggest a specific down-
regulation of δ containing extra-synaptic receptors. The δ-
containing GABA-A receptors have high affinity for GABA
and neuroactive steroids, and are the most important targets of
the neuroactive steroid allopregnanolone [23, 45]. Alteration
of their expression levels have been correlated with
nociception in spinal neurons [46], but their role in DRG has
not been elucidated yet. Altogether, these data shed some light
on GABA-A receptor composition in the PNS, suggesting for
the first time the presence of extra-synaptic subunits in SCs,
thereby giving a possible explanation for the altered
nociception observed in P0-GABA-B1fl/fl mice. The identifi-
cation of alternative mechanisms involving GABA and
GABA-A receptors in the modulation of peripheral pain is
the matter of ongoing studies in our laboratory.

In conclusion, our observations strongly supported previ-
ous hypothesis in vivo demonstrating that GABA-B1-related
changes in PNS are either SC autonomous or non-autono-
mous, whereas axonal and neuronal changes may occur.
These effects compromise the myelination of small-diameter
fibres supporting a GABA-B role in the maturation of SCs
towards the non-myelinating phenotype, emphasising a role
for GABA-B in the pathogenesis of neuropathic pain [47].
Interestingly, the identification of the transcriptomic profile
of GABA-B1 null SCs opens new perspective in the identifi-
cation of the importance of this receptor in SC biological
processes.
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