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Deletion of GABA-B Receptor in Schwann
Cells Regulates Remak Bundles and Small

Nociceptive C-fibers

Alessandro Faroni,1,2 Luca Franco Castelnovo,1 Patrizia Procacci,3 Lucia Caffino,1

Fabio Fumagalli,1 Simona Melfi,1 Giovanna Gambarotta,4 Bernhard Bettler,5

Lawrence Wrabetz,6,7 and Valerio Magnaghi1

The mechanisms regulating the differentiation into non-myelinating Schwann cells is not completely understood. Recent evi-
dence indicates that GABA-B receptors may regulate myelination and nociception in the peripheral nervous system. GABA-B
receptor total knock-out mice exhibit morphological and molecular changes in peripheral myelin. The number of small myelin-
ated fibers is higher and associated with altered pain sensitivity. Herein, we analyzed whether these changes may be pro-
duced by a specific deletion of GABA-B receptors in Schwann cells. The conditional mice (P0-GABA-B1fl/fl) show a
morphological phenotype characterized by a peculiar increase in the number of small unmyelinated fibers and Remak bun-
dles, including nociceptive C-fibers. The P0-GABA-B1fl/fl mice are hyperalgesic and allodynic. In these mice, the morphological
and behavioral changes are associated with a downregulation of neuregulin 1 expression in nerves. Our findings suggest that
the altered pain sensitivity derives from a Schwann cell-specific loss of GABA-B receptor functions, pointing to a role for
GABA-B receptors in the regulation of Schwann cell maturation towards the non-myelinating phenotype.
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Introduction

In the peripheral nervous system (PNS), the Schwann cells

associate with large and medium-caliber axons in one-to-

one ratio to form the myelin sheath (Webster et al., 1973).

During PNS development the Schwann cells may enter

another lineage, differentiating into non-myelinating Schwann

cells, which do not produce myelin but ensheath multiple

small-caliber axons to form Remak bundles. The unmyeli-

nated axons forming the Remak bundles mostly comprise the

C-fibers nociceptors (about 48% of total axons in the rat sci-

atic nerve) and pre/postganglionic sympathetic fibers (about

23% of total axons) (Schmalbruch, 1986).

Some factors and receptors have been implicated in

axonal-Schwann cell interactions (Orita et al. 2013; Taveggia

et al., 2005; Yu et al., 2009), but the biological significance

of the retention of unmyelinated fibers in the PNS remains

to be elucidated. Therefore, the detailed mechanisms of how

Schwann cells differentiate into non-myelinating Schwann

cells is still incompletely known.

c-aminobutyric acid type B (GABA-B) receptors are G-

protein coupled receptors formed by the heteromeric combi-

nation of GABA-B1 and GABA-B2 subunits. By inhibiting

the adenylate cyclase and calcium channels or by activating

the potassium channels, GABA-B receptors mediate the
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effects of GABA in the nervous system (Couve et al., 2000;

Ulrich and Bettler, 2007). Mice with an ablation of the

GABA-B1 gene lack functional GABA-B receptors, confirm-

ing the prerequisite of GABA-B1 subunits for receptor func-

tioning (Calver et al., 2001; Schuler et al., 2001). The

GABA-B1 isoforms are distributed throughout the neuronal

and glial compartments in the brain, in the spinal cord

(Charles et al., 2001; Margeta-Mitrovic et al., 1999) and in

the dorsal root ganglion (DRG) (Campbell et al., 1993;

Charles et al., 2001; Dolphin and Scott, 1986; Magnaghi,

2007; Towers et al., 2000), suggesting the involvement of

GABA-B receptors in sensory functions (Bowery, 1993;

Fromm, 1989; Hering-Hanit and Gadoth, 2001; Sindrup and

Jensen, 2002).

The first observation on GABA and its receptors in the

PNS dates back to the 80’s (Bhisitkul et al., 1987; Brown

et al., 1979; Brown and Marsh, 1978; Jessen et al., 1979; Mor-

ris et al., 1983; Olsen et al., 1984). GABA-B receptors were

also shown in the soma of small neurons of sensory Ad and C-

fibers (Desarmenien et al., 1984). Recently, we have established

that the Schwann cells possess functional GABA-B receptors

(Faroni et al., 2011; Magnaghi, 2007; Magnaghi et al., 2004,

2006a, 2008), which participate in the control of Schwann cell

proliferation and myelin protein expression (Magnaghi, 2007;

Magnaghi et al., 2004). In particular, the lack of colocalization

of GABA-B with the specific myelin associated glycoprotein

suggests that GABA-B receptors are not involved in the

Schwann cells committed to myelinate. Indeed, the double-

staining for GABA-B1 and glial fibrillary acidic protein

strengthens the preferential localization of GABA-B1 in non-

myelinating Schwann cells. This was further supported by the

study of the DRGs, which confirmed GABA-B1 localization in

the non-myelinating Schwann cells surrounding groups of

unmyelinated axons (including C-fibers) originating from small

diameter DRG neurons (Procacci et al., 2012).

The GABA-B1-deficient (GABA-B1 2/2) mice (Schu-

ler et al., 2001), with loss of functional GABA-B receptors

both in neurons and glia, manifest peculiar biochemical, ana-

tomical, and functional changes in the PNS (Magnaghi et al.,

2008). The GABA-B1 2/2 nerves showed morphological

and molecular alterations in the myelin, including changes in

expression levels of the peripheral myelin protein 22

(PMP22) and protein zero (P0). In GABA-B1 2/2 mice the

number of small myelinated fibers and small DRG neurons,

usually indicating Ad-fibers, was increased as compared to

wild-type. These mice have altered sensory functions (Magna-

ghi et al., 2008). These findings support the importance of

GABA-B receptors in the peripheral myelination process and,

moreover, in modulating the nociceptive fiber activity. How-

ever, the contribution of neurons (e.g., the small DRG neu-

rons) to the PNS phenotype could not be excluded.

To shed light on the peripheral GABAergic system, we

investigated the role of GABA-B receptors in Schwann cells.

We analyzed mice with a deletion of GABA-B1 receptors

only in Schwann cells. The morphologic and morphometric

analysis of the PNS (light and electron microscopy), as well

as the biochemical (analysis of myelin proteins), immunohis-

tochemical [analysis of neurofilaments (NFs), calcitonin gene

related protein (CGRP) and intraepidermal nerve fibers

(IENF)], the behavioral (study of gait) and the nociceptive

(plantar and Von Frey tests) parameters of peripheral nerves

were evaluated. We also explored the molecular mechanism

upstream of the GABA-B1 control of small nociceptive C-

fibers and we conclude that GABA-B receptors are important

for Schwann cell commitment to a non-myelinating pheno-

type during development.

Materials and Methods

Mice and Genotyping
GABA-B1fl/fl mice (Haller et al., 2004) were crossed with P0-

CREdeleter mice (Feltri et al., 1999) to obtain P0-CRE/GABA-B1fl/

1 mice, which were then back-crossed with GABA-B1fl/fl mice. The

resulting P0-CRE/GABA-B1fl/fl mice, with specific deletion of

GABA-B1 in Schwann cells, were chosen as experimental group (P0-

GABA-B1fl/fl), and were compared with GABA-B1fl/fl mice chosen

as control. Experiments were conducted on 3 and 6-month-old male

mice. All experiments were done according to institutional guidelines

and in compliance with the policy on the use of animals approved

by the European Communities Council Directive (86/609/EEC) and

by the Society for Neuroscience. The genotype was determined by

polymerase chain reaction (PCR) analyses on genomic DNA,

extracted from tails, sciatic nerve and liver by using microLYSISVR -

Plus (Microzone Limited, Haywards Heath, UK). The following pri-

mers were used: CRE1 (50-CCACCACCTCTCCATTGCAC-30),

CRE2 (50-GCTGGCCCAAATGTT-CGTGG-30), P5 (50-TGGGGT

GTGTCC TACATGCAGC-GGACGG-30), P6 (50-GCTCTTCACC

TT-TCAA CCCAGCCTCAGGCAGGC-30), P7 (50-ATCTCTTCC

TTGGGCT GGGTCTTT-GCTTCGCTCG-30), P8 (50-GGGTTA

TTTGAATATGATCGGAATTCCTCGACT-30). PCR was per-

formed in a standard reaction mix for the following conditions (30

cycles): 94�C for 30 s; 56�C for 1 min; 72�C for 1 min. A final

extension at 72�C for 10 min was done. The amplified products

were analyzed on 1.5% agarose gels.

Schwann Cells and DRG Neurons Primary Cultures
Schwann cell cultures were obtained from sciatic nerves of 3-month-

old mice. Non-nervous tissue was removed and the nerve was cut in

fragments (2–3 mm each), then placed in a 35 mm petri dish with

the culture medium: DMEM (Dulbecco’s modified Eagle’s medium)

plus 10% fetal bovine serum (FBS; Life Technologies Italia, Monza,

Italy), 2% insulin growth factor and 2 mM forskolin. After two

weeks, the sciatic nerves were digested with 0.0625% (w/v) collage-

nase Type IV (Worthington Biochemical, Lakewood, NJ) and dis-

pase (0.5 mg/mL; Life Technologies, Italia), then mechanically
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dissociated, filtered through a 100 mm filter (BD Biosciences, San

Jose, CA) and centrifuged 5 min at 900 rpm. Pellets were resus-

pended in the culture medium, and then the cell suspension (6 3

104) was seeded on 35 mm petri dishes and grown in presence of 2

mM forskolin at 37�C, 5% CO2, and 95% humidity.

DRG neurons cultures were obtained from the spinal cord of

3-month-old mice. The DRGs were dissociated incubating for 40

min in Ham’s F12 medium (Life Technologies Italia) containing

0.125% (w/v) collagenase Type IV (Worthington Biochemical), then

treated for 30 min with 0.25% (w/v) trypsin (Worthington Bio-

chemical). The dissociated DRG neurons were filtered through a

100 lm membrane (BD Biosciences) and centrifuged 5 min at 500

rpm. Cells were then resuspended in Ham’s F12 and purified on a

gradient of 15% (w/v) bovine serum albumin (BSA; Sigma-Aldrich,

Milan, Italy). Dissociated neurons were resuspended in modified

Bottenstein and Sato’s medium (BSM; F12 medium plus 100 lM

putrescine, 30 nM sodium selenite, 20 nM progesterone, 1 mg/mL

BSA, 0.1 mg/mL transferrin, and 10 pM insulin, all Sigma-Aldrich).

A cell suspension (1.5 3 104) of DRG neurons was seeded on a 35

mm petri dish coated with poli-L-lysin and laminin (Sigma-Aldrich).

After 2 h, nerve growth factor 50 ng/mL was added and the cells

grown at 37�C, 5% CO2, and 95% humidity.

Immunofluorescence and Confocal Laser Scanning
Microscopy (CLSM)
Mouse sciatic nerves were fixed in 4% paraformaldehyde (PFA;

Sigma-Aldrich, Milan, Italy) in phosphate buffered saline (PBS;

Sigma-Aldrich) and 10 lm thick cross-sections were cut. Cells were

seeded on slides, then fixed in 4% PFA and processed for immuno-

staining. The Schwann cell purity (more than 98%) was tested with

a specific antibody against glycoprotein P0 (Magnaghi et al., 2010).

The following polyclonal antibodies were used: guinea pig anti-

GABA-B1 (1:300, Merk Millipore, Billerica, MA), chicken anti-

CGRP (1:200, Merk Millipore), mouse monoclonal anti-NF200

kDa (1:400, Sigma-Aldrich), rabbit anti-class III b-tubulin (TUJ1,

1:300, Sigma-Aldrich). Nerve sections were incubated 30 min at

room temperature in 1:500 FluoromyelinTM red fluorescent myelin

stain (Life Technologies, Italy). Nerve or cell culture slides were

incubated overnight at 4�C in PBS 0.25% bovine serum albumin

(Sigma-Aldrich), 0.1% Triton X-100 and the specific primary anti-

body. The following day, the slides were washed two times and incu-

bated 2 h at room temperature with the specific secondary labelled

antibody, diluted 1:800, which was Alexa-488 or Alexa-594 (Life

Technologies, Italy). After washing, slides were mounted using Vecta-

shieldTM (Vector Laboratories, Burlingame, CA) and nuclei stained

with 40,6-diamidino-2-phenylindole (DAPI). Controls for the speci-

ficity of antibodies included a lack of primary antibodies. Confocal

microscopy was carried out using a Zeiss LSM 510 System (Gottin-

gen, Germany) and images were processed with Image Pro-Plus 6.0

(MediaCybernetics, Bethesda, MA). Quantification of the number of

CGRP- and NF200-positive fibers was performed on 5 sections per

genotype. At least 8 areas were randomly sampled on each section.

The data were normalized to the total number of TUJ1-positive

axons per field. The observer was blinded as to the genotype of

the mice.

RNA Extraction and Quantitative Real-Time PCR
(qRT-PCR)
Total RNA was extracted from sciatic nerves and L4–L5 DRGs of

GABA-B1fl/fl and P0-GABA-B1fl/fl mice using TrizolTM (Life Tech-

nologies Italia) according to the manufacturer’s protocol. A mini-

mum of three animals for each time point were analyzed. One

microgram total RNA was subjected to a reverse transcriptase reac-

tion and qRT-PCR for GABA-B1, ErbB2, ErbB3, neuregulin 1

(NRG1) Type I/II and Type III was performed as previously

described (Ronchi et al., 2013). Primers for ErbB2 and ErbB3 were

designed using Annhyb software (http://www.bioinformatics.org/ann-

hyb/), while the primer sequences for NRG1 were previously

reported (Ronchi et al., 2013); primer sequences for GABA-B1 were

the following: forward 50-TCCACCAACAACAATGAGGA-30,

reverse 50-GATGGC-GCAGTTCAGAGAC (Ribeiro et al., 2012).

Data of the qRT-PCR experiments were analyzed using the DDCt

method for the relative quantification. The threshold cycle number

(Ct) values of both the calibrator and the samples of interest were

normalized to the Ct of the endogenous housekeeping gene TATA

box binding protein (TBP). As calibrator we used the RNA obtained

from a 3 months GABA-B1fl/fl sciatic nerve or DRGs, respectively.

RNAse Protection Assay (RPA)
Five micrograms for each sample of total RNA from mice sciatic

nerves were processed as previously described (Magnaghi et al.,

2006b). Briefly, the samples were dissolved in 20 lL hybridization

solution containing [32P]-labeled cRNA probes, 250,000 counts per

minute (CPM) for P0 and PMP22 and 50,000 CPM for 18S, and

incubated at 45�C overnight. Following incubation for 30 min at

30�C with 200 lL digestion buffer containing 1 lg/lL RNase A,

and 20 U/lL RNase T1 (Sigma-Aldrich), the samples were treated

for 15 min at 37�C with 10 lg proteinase K and sodium dodecyl

sulfate (SDS) 20% (w/v). After phenol-chloroform extraction, the

samples were separated on a 5% polyacrylamide gel, under denatur-

ing conditions (7 mol/L urea). Following autoradiography, the levels

of protected fragments for P0 and PMP22 were normalized versus

18S tRNA, and calculated by measuring the peak densitometric area.

Western Blot
Sciatic nerves were homogenized in lysis buffer (PBS, 1% Nonidet

P-40 and 1 mM EDTA; all Sigma-Aldrich) containing a cocktail of

protease inhibitors (Sigma-Aldrich). Each sample (4 or 20 mg) was

then dissolved in 0.1% sodium dodecyl sulfate (SDS), resolved on a

12% SDS-polyacrylamide gel electrophoresis and electroblotted to

HybondTM nitrocellulose membrane (GE Healthcare Europe

GmbH, Milan, Italy). After 2 h of blocking in PBS containing 1%

Tween 20 and 5% dry milk, the filters were incubated 2 h with the

specific primary antibody. The following polyclonal antibodies were

used: guinea pig anti-GABA-B1 (1:300, Merk Millipore, Billerica,

MA), rabbit anti-P0 (1:300, Sigma-Genosys, Milan, Italy), rabbit

anti-PMP22 (1:200, Abcam, Cambridge, UK), rabbit anti ErbB2

(1:500, C-18, Santa Cruz Biotechnology, Dallas, TX), rabbit anti-

ErbB3 (1:500, C-17, Santa Cruz Biotechnology), rabbit anti-

phospho-Erk2 (1:1000, Cell Signalling, Danvers, MA), mouse anti-

Erk2 (1:5000, Santa Cruz Biotechnology), mouse anti-beta-actin
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(1:10,000, Sigma-Aldrich), rabbit anti-alpha-tubulin (1:500, Cell

Signaling). Immunoreactive proteins were then revealed with rabbit

antiguinea pig or donkey antirabbit secondary antibodies coupled to

horseradish peroxidase (HRP), by using the enhanced chemilumines-

cence (ECL; GE Healthcare Europe GmbH) method. Scanned films

were analyzed densitometrically and data normalized versus alpha-

tubulin or beta-actin.

Light Microscopy and Morphometry of Sciatic
Nerves and DRG
Mice were perfused transcardially, under deep anesthesia, with a

solution containing 2% PFA and 2% glutaraldehyde in 0.1 M

sodium cacodylate buffer (Sigma-Aldrich) pH 7.3. After fixation sci-

atic nerves and L4, L5 DRGs were removed and immersed in the

same fixative solution overnight at 4�C. The specimens were then

postfixed in 2% OsO4 (Sigma-Aldrich), dehydrated and embedded

in Epon-Araldite (Sigma-Aldrich). Semithin (0.5 lm) sections, tolui-

dine blue stained were examined by light microscopy (Image Pro-

Plus 6.0 software) at a final magnification of 15003. For the mor-

phometric analysis of sciatic nerve 25 fields (corresponding to at

least 25% of the total nerve cross-sectional area) were randomly

selected (Mayhew and Sharma, 1984). The measurement of myelin-

ated fibers (at least 1,500 fibers/animal) and the number of irregular

shaped fibers [index of circularity (IC), calculated as squared fiber

perimeter/4p fiber area, <0.75] were assessed. The morphometric

analysis of the L4, L5 DRG was performed using a model-based

stereology in accordance to circle-fitting method (Pannese et al.,

1997). For each ganglion about 10–12 semithin sections, obtained

at a distance of 8–10 mm from each other to avoid considering the

same nerve cell body profiles, were used. Since DRG neuronal cell

bodies are approximately spherical and the nucleolus is within the

nucleus (which is in turn located in the center of the neuron cell

body), we first assessed the circularity index of neurons. Then we

measured the surface area of the equatorial section of nerve cell

bodies in order to estimate their volume from the radius.

Electron Microscopy and Morphometry
Ultrathin sections (ca. 70–80 nm) of the same sciatic nerves used for

light microscopy, were collected on formvar coated single slot grids

and counterstained with lead citrate. The specimens were examined

with a Zeiss EM 10 electron microscope (Gottingen, Germany)

equipped with a digital camera. To allow quantification of Remak

bundles and unmyelinated axons a grid was superimposed on the

merged images, counting about 90–100 fields, corresponding to 1/4

of the total nerve area. Moreover, to evaluate structural changes of

myelin compaction about 20 myelinated fibers in exact cross-sections

from each animal were randomly selected and photographed at a

20,000-fold magnification.

Thermal Hyperalgesia and Mechanical Allodynia
Responses to thermal and mechanical stimuli were performed on

both hind paws of all mice. Heat hypersensitivity was tested accord-

ing to the Hargreaves procedure (Hargreaves et al., 1988) using the

Basile plantar test apparatus (Ugo Basile, Comerio, Italy). Briefly,

mice were allowed to familiarize in small clear plexiglass cubicles. A

constant intensity radiant heat source (beam diameter 0.5 cm and

intensity 20 I.R.) was aimed at the midplantar area of the hind paw.

The time from the heat source activation until paw withdrawal was

recorded (in seconds). Mechanical allodynia was assessed using the

dynamic plantar aesthesiometer (Ugo Basile). Mice were placed in a

test cage with a wire mesh floor and the rigid tip of a Von Frey-

filament (punctate stimulus) was applied to the skin, in the middle

of the plantar surface of the hind paw. The filament exerted an

increasing force, ranging up to 10 g in 20 s, starting below the

threshold of detection and increasing until the animal removed its

paw. The withdrawal threshold was expressed in grams. The with-

drawal thresholds of the ipsilateral and contralateral paws were meas-

ured 4 times and the value represents the mean of the 4 evaluations.

Gait Analysis
Mice with their hind feet stained with black ink were placed on a

100 cm long gangway, which yielded 8–10 footprints per mouse.

Footprints were analyzed with the Footprint 1.22 program (Klapdor

et al., 1997). We evaluated the area touched by a single step, the dis-

tance between toes of fingers 1–5 and 2–4, the length of the foot

step, the stride width and the stride length. Mice did not undergo

any training to perform the test, moreover mice did not exhibit any

contextual hyperactivity during the test.

IENF Density Analysis
IENF density was assessed in the hind paw footpad as described

(Magnaghi et al., 2008). After sacrifice, 3-mm round shaped biopsies

were taken from the plantar glabrous skin, then fixed in 2% PFA-

lysine periodate for 24 h at 4�C. Sections (15 mm) from each foot-

pad were immunostained with rabbit anti-TUJ1 (1:300, Sigma-

Aldrich). The total number of TUJ1-positive fibers crossing the

dermal-epidermal junction were counted and the density of IENF

(IENF/mm) was calculated.

Statistical Analysis
Data were statistically evaluated by GraphPad Prism 4.00 (San

Diego, CA). Statistical significance between groups was determined

by means of an unpaired Student’s t-test or one-way ANOVA with

Tukey’s post-test. P-values <0.05 were considered significant.

Results

GABA-B1 is Absent in Schwann Cells
of the P0-GABA-B1fl/fl Mice
GABA-B1fl/fl mice were generated using Balb/c embryonic

stem cells and maintained in the Balb/c genetic background

(Haller et al., 2004). P0-CRE mice were obtained in the

C57BL/6Ncrl genetic background (Feltri et al., 1999). To dis-

rupt the GABA-B1 gene specifically in Schwann cells, mice

with LoxP sites flanking the GABA-B1 gene (GABA-B1fl/fl)

were crossed with transgenic mice expressing CRE recombinase

under the control of the specific Schwann cell promoter P0

(P0-CRE) (Feltri et al., 1999, 2002). A strain of mice with a

Schwann cell-specific deletion of loxP-flanking the GABA-B1

sequence (Fig. 1A), the P0-GABA-B1fl/fl mice, was obtained.

These mice were used as the experimental group to be tested.

We first characterized the cell-specific P0-GABA-B1fl/fl mice by
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analyzing the genotype. As shown in Fig. 1B, by using a set of

primers P5/P6 we selected the P0-GABA-B1fl/fl genotype, pre-

senting a specific band of 740 bp that distinguishes the “floxed”

allele bearing the loxP sites flanking the GABA-B sequence,

from the GABA-B11/1 (wildtype) allele, which shows a band

of 530 bp. The experimental mice (P0-GABA-B1fl/fl) were then

selected performing a PCR with a set of specific primers recog-

nizing the P0-CRE sequence and amplifying a band of 492 bp;

GABA-B1fl/fl mice, in which the 492 bp band was absent, were

used as controls (Fig. 1B).

To confirm somatic recombination, genomic DNA from

the liver or sciatic nerve of P0-GABA-B1fl/fl mice was analyzed

by PCR using the set of primers P7/P8. As expected, liver

showed a band of 1.42 kbp, while the sciatic nerve showed a

broad specific band of 360 bp, resulting from the excision of

the GABA-B floxed fragment in the sciatic nerve (Fig. 1B).

To assess for loss of GABA-B1 protein, we performed

western blot analysis using an antibody specific for GABA-B

receptor subunits. The immunoblot revealed two bands of

�100 and 130 kDa, corresponding to the native forms of the

GABA-B1 receptor (GABA1a and 1b), in the control GABA-

B1fl/fl animals; the 100 kDa band almost disappeared from the

P0-GABA-B1fl/fl nerves, whereas the 130 kDa band was still

present, likely due to the residual GABA-B receptor isoform

present in the neuronal/axonal compartment (Fig. 1C). The

immunofluorescence analysis on transverse sections of sciatic

nerve confirmed the previous data. In GABA-B1fl/fl control

mice, positive immunoreactivity for GABA-B1 was present in

the axon, in the surrounding myelinating Schwann cells and in

the non-myelinating Schwann cells. Myelin structures were

stained with a myelin specific marker (FluoromyelinTM in red).

In the P0-GABA-B1fl/fl experimental mice, staining was almost

absent in the Schwann cells, while the axons showed immuno-

positivity for GABA-B1, although this appeared somewhat

decreased (Fig. 1D). The qRT-PCR analysis of GABA-B1

mRNA expression in DRGs; however, did not show any signif-

icant difference between P0-GABA-B1fl/fl and controls

(0.785 6 0.040 fold expression vs. controls, 1 6 0.343). In

contrast, the qRT-PCR confirmed the GABA-B1 drop in the

sciatic nerve of P0-GABA-B1fl/fl mice (0.409 6 0.040 fold

expression vs. controls, 1 6 0.162; P< 0.01). Furthermore, the

immunofluorescence analysis of the Schwann cell primary cul-

ture from P0-GABA-B1fl/fl mice demonstrated that GABA-B1

disappeared specifically in Schwann cells (Fig. 1E). Indeed, a

positive immunoreactivity for GABA-B1 was still present in

the Schwann cell-free DRG neuron cultures either from

GABA-B1fl/fl or P0-GABA-B1fl/fl mice. Immunopositivities of

Schwann cells and DRG neurons are shown as separated chan-

nels in Supplemental Material of Fig. 1E.

GABA-B1 Gene Deletion Affects the Schwann Cell
Phenotype and the Morphology of Peripheral
Nerves
The PNS of GABA-B1-total null mice showed alterations in

myelin, with morphological and molecular changes in periph-

eral nerves (Magnaghi et al., 2008). Therefore, we evaluated

these parameters in cell-specific P0-GABA-B1fl/fl mice, with

specific deletion of GABA-B1 receptor in Schwann cells. As

expected, Schwann cells were affected, and showed signs of

degeneration such as tomacula, myelin infoldings, myelin frac-

tures, partial, and/or complete uncompaction of myelin (Fig.

2A). The extent of this effect was similar at 3 or 6 months of

age, indicating an identical pattern of morphological dysregula-

tion. The P0-GABA-B1fl/fl fiber profile appeared particularly

irregular, either at 3 or 6 months of age. A significant increase

of irregular fibers (characterized by a IC less than 0.75) was

observed in 3 and 6-month-old P0-GABA-B1fl/fl mice, as com-

pared with the GABA-B1fl/fl controls (Fig. 2B).

We then performed the light microscopic and morpho-

metric analysis on sciatic nerves of P0-GABA-B1fl/fl mice of 3

FIGURE 1: Assessment of Schwann cell-specific GABA-B1 receptor inactivation. (A) Scheme of Schwann cell inactivation obtained by
crossing GABA-B1fl/fl mice (left) with P0-CRE mice (right) obtaining P0-GABA-B1fl/fl mice with specific deletion of exons VII and VIII (see
Haller et al. 2004). (B) PCR images of genotyping with CRE1/CRE2, P5/P6, and P7/P8 primers. P5/P6 distinguished the P0-GABA-B1fl/fl

(740 bp specific band) from the GABA-B11/1 genotype (530 bp specific band). CRE1/CRE2 distinguished the P0-GABA-B1fl/fl experimen-
tal mice (492 bp band) from GABA-B1fl/fl control mice (band was absent). P7/P8 confirmed P0-GABA-B1fl/fl experimental mice (360 bp
band) resulting from the GABA-B floxed fragment in the sciatic nerve, whereas the liver showed a 1.42 kbp band. (C) Western blot anal-
ysis for the two native forms of the GABA-B1 receptor (i.e., GABAB1a and 1b) showed two bands of 100 and 130 kDa in GABA-B1fl/fl

control mice. The 100 kDa band disappeared in the P0-GABA-B1fl/fl animals, whereas the 130 kDa band remained, likely deriving from
the neuronal compartment. Alpha-tubulin (54 kDa) was used to normalize loading. (D) Immunofluorescence localization of GABA-B1 in
cross-sections of P0-GABA-B1fl/fl sciatic nerves using CLSM. GABA-B was detected with an Alexa-488 labeled secondary antibody
(green). Myelin sheaths were stained with a FluoromyelinTM specific marker (red) and nuclei were stained with dapi (blue). Merged
images revealed that GABA-B1 was present in the axon, myelinating, and non-myelinating Schwann cells of control mice. In P0-GABA-
B1fl/fl experimental mice the labeling was almost totally absent in the Schwann cells, whereas the axons were immunopositive for GABA-
B1. (E) Immunofluorescence localization of GABA-B1 in Schwann cells and DRG neuron primary cultures from P0-GABA-B1fl/fl mice.
GABA-B1 was green; P0 or TUJ specific markers for Schwann cells or neurons respectively were red; nuclei were blue. Merged images
confirmed the presence of GABA-B1 in DRG neuron cultures of both strains and in Schwann cell culture of GABA-B1fl/fl mice, while it dis-
appeared in the Schwann cells from P0-GABA-B1fl/fl mice. Scale bar 10 mm.
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and 6 months of age, considering all the myelinated fibers

with IC> 0.75. Among the parameters analyzed, such as fiber

area and myelin thickness, we observed some morphometric

differences between GABA-B1fl/fl control and P0-GABA-B1fl/fl

experimental mice at 3 and 6 months of age. Indeed, in 3-

month-old experimental mice, the fiber area decreased

(29.94 6 0.42 lm2 control, 2,321 fibers, vs. 27.99 6 0.28

lm2 experimental, 3,471 fibers), whereas it significantly

increased (35.54 6 1.00 lm2 control, 1,527 fibers, vs.

40.52 6 0.58 lm2 experimental, 2,091 fibers) in 6-month-old

mice (Fig. 3A). However, the myelin thickness rose signifi-

cantly (Fig. 3B) either at 3 months (1.063 6 0.01 lm control

vs. 1.093 6 0.009 lm experimental) or 6 months of age

(0.983 6 0.009 lm control vs. 1.049 6 0.01 lm experimen-

tal). Therefore, it may be suggested that the changes in fiber

area at both ages, 3 and 6 months, are related to a slight

increase in the myelin thickness. To confirm the effects on

myelin we then analyzed the gene expression and protein levels

of the typical peripheral myelin proteins P0 and PMP22. The

mRNA level of both genes appeared strongly increased in the

experimental P0-GABA-B1fl/fl mice (Fig. 3C). A concomitant

increase only of the P0 protein levels was observed, while the

PMP22 protein levels were unchanged (Fig. 3D). The quanti-

tative analysis (after normalization for alpha-tubulin) confirmed

that in the P0-GABA-B1fl/fl mice the P0 protein was signifi-

cantly increased by around 50 and 70%, at 3 and 6 months of

age, respectively (Fig. 3D). To verify whether these myelin

expression variations correlated with changes in myelin com-

paction we also analyzed the myelin lamellae at high magnifi-

cation. The electron microscopy images disclosed lamellae

uncompaction in 1.76% fibers with a predilection to affect the

outer portion of the myelin sheath of P0-GABA-B1fl/fl 3-

month-old mice (Fig. 3E). Altogether these data are intriguing

because, for the first time, they demonstrate the presence of

GABA-B-mediated Schwann cell-autonomous changes in

peripheral nerves. The GABA-B1 deletion may affect the

Schwann cell phenotype, at least in the time range between 3

(young adulthood) and 6 (middle age) months of age, thus

reducing the myelination of small diameter fibers and altering

myelin thickness.

The changes observed in the fiber area may be associ-

ated with a concomitant decrease in the mean axon area and

diameter. Alterations in myelin, indeed, commonly produce

secondary changes in axons (Scherer and Wrabetz, 2008).

The morphometric analysis of axon distribution confirmed

that the number of axons with diameter less than 2 lm was

significantly higher in 3-month-old P0-GABA-B1fl/fl as com-

pared with controls. Conversely, 6-month-old P0-GABA-B1fl/

fl mice possess less axons with a small diameter above 2 lm,

whereas control GABA-B1fl/fl mice have a higher number of

small axons (Fig. 4A). These effects were supported by the

FIGURE 2: Morphological changes in myelin and Schwann cells.
(A) Electron micrographs of ultrathin cross-sections of sciatic
nerves. P0-GABA-B1fl/fl 3- and 6-month-old mice showed myelin
alterations and changes in Schwann cells, such tomacula, myelin
infoldings (white arrowheads), and myelin fractures (white
arrows). Scale bar 5 mm. (B) The percentage of irregular fibers
(considered as fibers with an IC < 0.75) was significantly higher in
P0-GABA-B1fl/fl mice than in GABA-B1fl/fl controls, both at 3
months (**P < 0.01) and 6 months of age (***P < 0.001). Data
were expressed as means 6 SEM (5 controls, 2321 counts, 6 P0-
GABA-B1fl/fl, 3471 counts in 3-month-old mice; 5 controls, 1527
counts, 5 P0-GABA-B1fl/fl, 2091 counts in 6-month-old mice). A
parametric t-test with GraphPad Prism 4.00 was used for statisti-
cal analysis.
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electron microscopic images of cross-sections of sciatic nerves,

showing a general decrease in the number of myelinated

fibers in P0-GABA-B1fl/fl, with an apparent increase in the

number of unmyelinated fibers, both in 3 and 6-month-old

mice (Fig. 4B). Considering the plasticity of Schwann cells in
vivo, the changes observed in terms of size and number of

FIGURE 3: (See legend on following page.)
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small myelinated fibers in 3 and 6-month-old P0-GABA-B1fl/fl

mice, suggested a shift from the myelinating towards the non-

myelinating fate in Schwann cells. This was evaluated by per-

forming the morphometric analysis of the Remak bundles and

the number of axons within each Remak bundle. The non-

myelinating Schwann cells, indeed, ensheath multiple small

nociceptive and other axons, assembled in Remak bundles. As

shown in Fig. 4C, the number of Remak bundles was signifi-

cantly augmented either in 3- or in 6-month-old experimental

mice as compared with controls. Moreover, the number of

unmyelinated axons was also increased at 3 and 6 months in

P0-GABA-B1fl/fl mice (Fig. 4D). Altogether these data demon-

strate that the deletion of the GABA-B1 gene in Schwann cells

induces changes in both Schwann cells and axons.

Small Nociceptive C-Fibers are Altered in P0-GABA-
B1fl/fl Mice
The increased number of small axons in the PNS of P0-

GABA-B1fl/fl mice might be indicative of volume changes in

the soma of neurons in lumbar L4, L5 DRGs. Light micro-

scopic analysis suggested that at 3 and 6 months of age, the

amount of neurons with cell bodies of small size was higher in

P0-GABA-B1fl/fl than in control mice (Fig. 5A). Morphomet-

ric analysis confirmed that the relative frequencies of small

size DRG neurons (less than 15,000 mm3) were significantly

higher in P0-GABA-B1fl/fl than in control mice, independent

of age (Fig. 5B). Conversely, the relative frequencies of large

DRG neurons (from 15,000 to 45,000 mm3) were significantly

lower in P0-GABA-B1fl/fl than in control mice (Fig. 5B).

To check whether the modifications of the small unmye-

linated fibers of P0-GABA-B1fl/fl mice might be related to

changes in the C-fiber density in the peripheral endings, we

performed the IENF analysis on hind-paw skin biopsies,

which primarily assesses the density of the C-fibers. At 3

months of age, IENF density was identical in control and

experimental mice (Fig. 5C). Indeed, at 6 months of age,

IENF density significantly rose in P0-GABA-B1fl/fl experi-

mental mice (Fig. 5C), indicating an increase of intraepider-

mal fibers that may participate to the changes in peripheral

nociception.

Furthermore, to assess which specific types of sensory fibers

were altered, we performed the immunofluorescence analysis for

CGRP on sciatic nerve sections of 3 and 6-month-old P0-GABA-

B1fl/fl mice (Fig. 6A). CGRP is a neuropeptide preferentially

expressed in primary afferent neurons. It conveys nociceptive stim-

uli through unmyelinated C-fibers and thinly myelinated Ad fibers

(Lawson, 2002; Pierce et al., 2006). As shown in Fig. 6A, we

observed an apparent decrease in CGRP-positive fibers in P0-

GABA-B1fl/fl mice. The TUJ1 antibody, a neuronal marker that

stains all axons (Draberova et al., 1998), was used for labeling all

fibers and for data normalization. The merged CGRP and TUJI

images revealed no changes in 3-month-old mice, while the

CGRP immunopositive fibers decreased in 6-month-old P0-

GABA-B1fl/fl experimental mice (Fig. 6A). The quantitative evalu-

ation (Fig. 6B) confirmed a significant reduction of CGRP positive

fibers only for 6-month-old experimental mice (60.60 6 6.99%)

vs. control (89.50 6 1.56%; P< 0.01), while 3-month-old mice

did not change: 68.67 6 4.06% control vs. 63.67 6 5.19% exper-

imental. The decrease observed in CGRP-positive fibers may be

likely ascribed to a reduction in thinly myelinated Ad fibers, rather

than to changes in unmyelinated C-fibers. We also labeled fibers

for NF200, a marker of all A-fibers type. As shown in Fig. 6A we

did not find any qualitative or quantitative difference in the

NF200 immunolabeling between control and experimental mice,

neither in 3- nor in 6-month-old mice (77.33 6 2.19% control vs.

76.67 6 4.16% 3-month-old experimental mice; 93.01 6 1.93%

control vs. 88.80 6 1.39% 6-month-old experimental mice).

P0-GABA-B1fl/fl Mice Develop Altered Pain
Responses and Locomotor Alterations
Taken together, our results suggest that in P0-GABA-B1fl/fl

mice, the small nociceptive fibers, mainly C-fibers ensheathed

by non-myelinating Schwann cells, are altered. Therefore, we

checked for the thermal (plantar test) and mechanical sensitiv-

ity (Von Frey filament) to painful stimuli in 3 and 6-month-

old mice. P0-GABA-B1fl/fl experimental mice showed a

FIGURE 3: Myelin morphometry and expression changes in peripheral nerve. (A) Morphometric analysis of semithin cross-sections (0.5
lm) of sciatic nerves. Histograms of fiber area (in lm2) showed a decrease in 3-month-old P0-GABA-B1fl/fl (***P < 0.001; n 5 6) and an
increase in 6 month-old mice (P < 0.001; n 5 6), as compared with controls (n 5 5). All data were expressed as means 6 SEM. (B) Histo-
grams of myelin thickness (in lm) showed an increase in 3-month-old (**P < 0.01; n 5 6) and 6-month-old (***P < 0.001; n 5 6) P0-GABA-
B1fl/fl mice as compared with controls (n 5 5). All data were expressed as means 6 SEM. (C) Image of P0 and PMP22 mRNA levels meas-
ured by RNAse protection assay in 3- and 6-month-old mice. Sample loading was normalized vs. 18s rRNA levels. The mRNA levels of
the two typical peripheral myelin proteins P0 and PMP22 appeared strongly increased in the experimental P0-GABA-B1fl/fl mice at both
ages. (D) Image of western blot of P0 (band of 28 kDa) and PMP22 (band of 22 kDa) protein levels in 3- and 6-month-old mice. Sample
loading was normalized vs. alpha-tubulin (band 54 kDa). The histograms showed the P0 and PMP22 quantification. Data were expressed
as percentage of the GABA-B1fl/fl control expression levels after normalization to alpha-tubulin. P0 levels were significantly increased in
P0-GABA-B1fl/fl mice as compared with controls both at 3 months (*P < 0.05) and 6 months (*P < 0.05) whereas PMP22 levels were
unchanged. The experiments included 5 controls and 6 P0-GABA-B1fl/fl mice. All data were expressed as means 6 SEM. One-way ANOVA
with Tukey’s post-test using GraphPad Prism 4.00 was used for statistical analysis. (E) Electron micrographs at high magnification of
ultrathin cross-sections of myelinated fibers. P0-GABA-B1fl/fl mice showed uncompaction (white arrows) of myelin lamellae in the outer
membrane. Scale bar 0.30 mm.
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significant reduction in thermal withdrawal latency in the

acute pain test as compared with control (P< 0.05; Fig. 7A).

This indicates a hyperalgesic state to thermal stimuli. More-

over, P0-GABA-B1fl/fl showed a significant reduction in

mechanical allodynia to innocuous stimulation with the Von

Frey filament at 3 months of age (P< 0.05), whereas this

effect disappeared at 6 months, when no difference in paw

withdrawal was seen between control and P0-GABA-B1fl/fl

experimental mice (Fig. 7B).

We next analyzed whether the biochemical and morphologi-

cal changes in PNS of P0-GABA-B1fl/fl mice may affect the motor

function and locomotor coordination. The footprint analysis was

done by the Klapdor method (Klapdor et al., 1997) on 3 and 6

month-old mice, and a representative image is shown in Fig. 7C.

FIGURE 4: Assessment of axonal changes in peripheral nerve. (A) Distribution of axons with different diameters in control and P0-GABA-
B1fl/fl 3 and 6-month-old mice. The number of axons with diameter <1 and 2 lm was significantly higher in 3-month-old P0-GABA-B1fl/fl

mice (**P < 0.01, ***P < 0.001; 3471 counts), while the number of axons >2 lm was lower in 6-month-old P0-GABA-B1fl/fl mice (*P < 0.05;
2091 counts). (B) Electron microscopic images of ultrathin cross-sections of sciatic nerves of 3- and 6-month-old mice, showing a general
increase in the number of unmyelinated axons in P0-GABA-B1fl/fl mice. Scale bar 10 mm. (C) Morphometric analysis was done on ultrathin
cross-sections of sciatic nerves. Histograms of Remak bundles (number/100 mm2) showed an increase in 3 (*P < 0.05; n 5 6) and 6-month-
old (*P < 0.05; n 5 6) P0-GABA-B1fl/fl mice as compared with controls (n 5 5). All data were expressed as means 6 SEM. (D) Histograms of
unmyelinated axons (number/100 mm2) showed a increase in 3-(*P < 0.05; n 5 6) and 6-month-old (*P < 0.05; n 5 6) P0-CRE/GABA-B1fl/fl

mice as compared with controls (n 5 5). All data were expressed as means 6 SEM. One-way ANOVA with Tukey’s post-test using Graph-
Pad Prism 4.00 was used for statistical analysis.
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The quantitative analysis was then performed (Table 1) and, among

all the parameters considered (toe spread 1–5 and 2–4, length of

the foot step, stride length, stride width, and area touched), two

parameters were modified in the experimental mice. Indeed, the

stride length (in cm) was significantly increased: 5.198 6 0.180

control vs. 6.558 6 0.245 (P< 0.001), 3 month-old experimental

mice; 5.834 6 0.152 vs. 6.705 6 0.215 (P< 0.05), 6 month-old

experimental mice. Additionally, the stride width (in cm) was sig-

nificantly decreased in 3 month-old mice: 2.549 6 0.109 control

vs. 2.244 6 0.083 experimental (P< 0.05). No significant changes

were seen in 6-month-old mice: 2.668 6 0.107 control vs.

2.530 6 0.077 experimental (Table 1).

FIGURE 5: Assessment of small fiber changes in PNS. (A) Light microscopic images of semithin cross-sections (0.5 lm) of DRG stained
with toluidine blue in 3- and 6-month-old mice. Neuronal somata appeared generally smaller in P0-GABA-B1fl/fl than in GABA-B1fl/fl con-
trol mice at both ages. Scale bar 20 mm. (B) Quantitative morphometric analysis of neuronal volumes (in lm3) in control and P0-GABA-
B1fl/fl mice. The relative frequency of small DRG neurons (<15,000 mm3) was significantly higher in P0-GABA-B1fl/fl than in control mice
(*P < 0.05). Conversely, the relative frequency of large DRG neurons (>15,000 mm3) was lower in P0-GABA-B1fl/fl mice (**P < 0.01). Data
were expressed as means of the mice analyzed (4 controls: 970 counts; 4 P0-GABA-B1fl/fl: 1343 counts). (C) Histograms of quantitative
immunocytochemistry of intraepidermal nerve fibers (IENF) density in the hind paw footpad of GABA-B1fl/fl (n 5 6) and P0-GABA-B1fl/fl

(n 5 8) mice, of 3 and 6 months. A significant increase in IENF density was observed in 6-month-old P0-GABA-B1fl/fl (*P < 0.05). All data
were expressed as means 6 SEM. A parametric t-test with GraphPad Prism 4.00 was used for statistical analysis.
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P0-GABA-B1fl/fl Mice Show Decreased NRG1 Type
III Levels and Activation of ErbB/Erk2 Pathway
The neuronal EGF-like growth factor NRG1 and its tyrosine

kinase ErbB receptors have emerged as key regulators of mye-

linating and non-myelinating Schwann cells (Chen et al.,

2003, 2006; Michailov et al., 2004; Taveggia et al., 2005).

We first analyzed the expression of NRG1 isoform Type III,

which is the transmembrane neuronal isoform predominantly

expressed during development, and the expression of the solu-

ble isoform Type I, mainly expressed by Schwann cells. Both

FIGURE 6: CGRP- and NF200-immunostaining in peripheral nerves of 3 and 6-month-old mice. (A) CLSM images of immunofluorescence
localization of CGRP, NF200, and TUJ1 in cross-sections of sciatic nerves (12 lm thick). CGRP and NF200 were detected with Alexa-594
labeled secondary antibody (red). Axons were stained with an antibody recognizing the neuronal marker TUJ1 and revealed with an
Alexa-488 labeled secondary antibody (green). Nuclei were stained with dapi (blue). Merged images (colocalization in yellow) suggested
a CGRP decrease mainly in small unmyelinated axons of P0-GABA-B1fl/fl mice. No qualitative changes in NF200 were observed. Scale
bar 10 mm. (B) Histograms of quantitative evaluation of CGRP immunodetection after normalization for TUJ1 positive fibers. The number
of fibers was significantly decreased in 6-month-old P0-GABA-B1fl/fl (n 5 7) vs. GABA-B1fl/fl (n 5 7) control mice (**P < 0.01) while no
changes were observed in 3-month-old P0-GABA-B1fl/fl. All data were expressed as means 6 SEM. A parametric t-test with GraphPad
Prism 4.00 was used for statistical analysis.
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isoforms appeared diminished in P0-GABA-B1fl/fl nerves at 3

months of age (Fig. 8A,B). In particular, NRG1 Type III was

significantly decreased (P< 0.05) to almost undetectable level

(Fig. 8A). At 6 months of age neither NRG1 Type III nor

Type I were unchanged in P0-GABA-B1fl/fl mice vs. controls

(Fig. 8A,B). In parallel, the ErbB2 and ErbB3 mRNA levels

were increased in P0-GABA-B1fl/fl mice at 3 months of age,

whereas no changes were observed at 6 months (Fig. 8C,D).

The immunoblots suggested also the increase of ErbB2 and

ErbB3 receptor proteins (Fig. 8E). These effects were con-

firmed by the immunoblot quantification that showed signifi-

cant ErbB2 (178 6 11%, P< 0.05) and ErbB3

(1124 6 35%, P� 0.05) increments in the sciatic nerve of

P0-GABA-B1fl/fl mice at 3 months of age (Fig. 8F,G). No

ErbB protein changes were seen at 6 months of age (Fig.

8F,G).

ErbB receptors transmit signals intracellularly through

various cascades, including the mitogen-activated protein

FIGURE 7: Assessment of nociception and locomotor coordination. (A) Histograms of thermal nociception showing a significant reduction
in paw withdrawal latency (sec) in the plantar test of 3 (*P < 0.05; n 5 10) and 6-month-old (*P < 0.05; n 5 10) P0-GABA-B1fl/fl mice as
compared with control mice (n 5 10). Response latencies were assessed at infrared intensity 20. All data were expressed as mean-
s 6 SEM. (B) Histograms of the data from the Von Frey test. A significant reduction in mechanical allodynia to innocuous stimulation with
a filament (g) was seen in 3-month-old P0-GABA-B1fl/fl mice (*P < 0.05; n 5 10). A parametric t-test with GraphPad Prism 4.00 was used
for statistical analysis. (C) Representative images of footprints of 3-month-old GABA-B1fl/fl and P0-GABA-B1fl/fl mice in which the major
changes were observed.

TABLE 1: Footprint Analysis of Two Parameters of Locomotor Activity of P0-GABA-B1fl/fl and GABA-B1fl/fl Mice

Stride Length (cm) Stride Width (cm)

3 months 10 mice GABA-B1fl/fl 5.198 6 0.180 2.549 6 0.109
*** *

10 mice P0-GABA-B1fl/fl 6.558 6 0.245 2.244 6 0.083

6 months 10 mice GABA-B1fl/fl 5.834 6 0.152 2.668 6 0.107
*

10 mice P0-GABA-B1fl/fl 6.705 6 0.215 2.530 6 0.077

The stride length and width were analyzed in 3- and 6-months old mice. Data are expressed as mean of 10 mice (in cm) 6 SEM. A para-
metric t-test with GraphPad Prism 4.00 was used for statistical analysis. *P<0.05; ***P<0.001.
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kinase (MAPK)/extracellular signal-regulated kinase (Erk),

whose activation suppresses Schwann cell differentiation

toward the pro-myelinating/myelinating phenotype (Napoli

et al., 2012; Ogata et al., 2004). The phosphorylated Erk2

(pErk2), the key effector of this pathway, was higher in P0-

GABA-B1fl/fl mice at 3 months of age (Fig. 8H), with no

changes in the total level of Erk2 protein (Fig. 8H). The

immunoblot quantification confirmed the significant increase

FIGURE 8: Assessment of the mechanisms downstream Schwann cell-specific GABA-B1 receptor inactivation. The relative quantification
of mRNA coding for NRG1 Type III, Type I, and ErbB2/ErbB3 receptors was obtained by quantitative realtime PCR. Data were normal-
ized to the housekeeping gene TATA box binding protein, and expressed as difference (DDCt) vs. DCt in controls, then averaged for each
experimental group (P0-GABA-B1fl/fl, n 5 4; GABA-B1fl/fl, n 54). The columns represent the 2-DDCt values. (A) NRG1 Type III mRNA levels
were significantly reduced in P0-GABA-B1fl/fl mice only at 3 months of age (**P < 0.01). (B) NRG1 Type I gene expression did not show
any statistically relevant difference either in P0-GABA-B1fl/fl or in GABA-B1fl/fl mice, at 3 and 6 months of age. (C) ErbB2 mRNA levels
were significantly augmented in P0-GABA-B1fl/fl mice at 3 but not 6 months of age (*P < 0.05). (D) ErbB3 mRNA levels appeared
unchanged either in P0-GABA-B1fl/fl or in GABA-B1fl/fl mice, at 3 and 6 months of age. (E) Representative western blot of ErbB2 (band
of 180 kDa), ErbB3 (180 kDa), pErk2 (42 kDa), and Erk2 (42 kDa) proteins in 3- and 6-month-old mice. Sample loading was normalized
vs. beta-actin (43 kDa). (F, G) The quantitative analysis confirmed a significant increase respectively of ErbB2 (*P < 0.05; n 5 4) and ErbB3
(*P < 0.05; n 5 4) in P0-GABA-B1fl/fl mice at 3 months of age, while no changes were seen at 6 months. Data are expressed as percenta-
ge 6 SEM of the GABA-B1fl/fl control expression levels after normalization to beta-actin. (H) The quantitative evaluation of immunoblots
confirmed a significantly increased Erk2 phosphorylation (*P < 0.05; n 5 4) with no effect on total Erk protein levels in 3-month-old P0-
GABA-B1fl/ mice. No changes in 6-month-old mice were observed. The ratio between phosphorylated and total protein levels (Erk2/b-
actin, pErk2/b-actin, and Erk2/pErk2), was expressed as percentage 6 SEM vs. controls. The mean value of the controls was set to 100.
One-way ANOVA with Tukey’s post-test using GraphPad Prism 4.00 was used for statistical analysis.
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in pErk2 (167 6 10%; P< 0.05) and ratio pErk2/totalErk

(171 6 14%; P< 0.05), suggesting that Erk activation is

dependent on ErbB receptor upregulation.

Discussion

Here we describe a previously unrevealed role for the GABA-

B receptors in the regulation of non-myelinating Schwann

cells and nociceptive pathways in the PNS. These cells belong

to one of the major categories of Schwann cells that do not

make myelin in the PNS. The factors that determine the

development of mature non-myelinating Schwann cells are

not yet fully elucidated. In the last decade, the involvement

of neurotransmitters (e.g., adenosine triphosphate, adenosine,

and acetylcholine) in the control of neuron-glial cell interac-

tion in the PNS has received great attention (Fields and

Burnstock, 2006; Loreti et al., 2007; Stevens et al., 2004). In

this context, the role of the GABAergic system, whose recog-

nition in the PNS dates back 30 years ago, has been recently

reviewed (Magnaghi, 2007; Magnaghi et al., 2004, 2006a,

2008; Perego et al., 2012). Data obtained in GABA-B1 2/2

mice (total null mice) showed several biochemical, anatomi-

cal, and functional changes in the PNS. GABA-B1 2/2

mice exhibited morphological and molecular alterations in

myelin, including changes in the expression of the myelin

proteins P0 and PMP22, and increased number of small cali-

ber myelinated fibers and small DRG neurons. These mice

also showed changes in sensory nociceptive functions (Magna-

ghi et al., 2008). More recent observations supported the

GABA-B1 localization in the non-myelinating Schwann cells

surrounding the unmyelinated axons (C-fibers) in the periph-

eral nerves (Procacci et al., 2012).

Understanding the role of the GABA-B receptors in

Schwann cells and/or DRG neurons may thus be important

to discern between glial or neuronal-mediated mechanisms,

and may be relevant for the management of peripheral neuro-

pathies and associated pain.

By Schwann cell-specific inactivation of GABA-B1

receptor, we showed that the GABA-B1 modulatory action in

the PNS is likely Schwann cell-autonomous. The electron

microscopic analysis in 3 and 6-month-old P0-GABA-B1fl/fl

mice revealed signs of Schwann cell degeneration, such as

tomacula, fractured myelin, and partial or complete uncom-

paction of myelin. Accordingly, also the percentage of fibers

with irregular profile, an index of myelin dysregulation, was

strongly augmented. Our previous findings demonstrated a

GABA-B1-dependent down-regulation of P0 and PMP22 lev-

els in naive Schwann cell cultures (Magnaghi et al., 2004),

supporting the hypothesis that myelin protein expression is

tonically inhibited in vivo by GABA-B receptor. In accord-

ance, the GABA-B1 2/2 mice showed a myelin protein

overexpression (Magnaghi et al., 2008), which may contribute

to the dysmyelination observed (Magyar et al., 1996;

Robaglia-Schlupp et al., 2002; Wrabetz et al., 2000). Thus, a

tonic disinhibition of myelin protein expression may cause

the myelin changes seen in the P0-GABA-B1fl/fl mice. In

agreement, the morphometric analysis evidenced an increase

of myelin thickness in P0-GABA-B1fl/fl mice, underlying

Schwann cell-autonomous effects and changes in myelin.

However, it could be hypothesized that the observed age-

dependent increase of fiber area and myelin thickness may be

attributed to the relative higher number of a subset of

myelinated fibers in the population considered for the mor-

phometric analysis.

Interestingly, the morphometric analysis of P0-GABA-

B1fl/fl mice also indicated that not only the myelin but also

the axons are altered. The number and size of small fibers

were changed, indicating that Schwann cell nonautonomous

effects on axons also occur. The axonal changes showed a

biphasic trend between adulthood (3 months) and middle

aged (6 months) mice. The 3-month old P0-GABA-B1fl/fl

mice mainly showed smaller myelinated fibers, with small

axons. Instead, the 6 month-old P0-GABA-B1fl/fl mice pre-

sented even larger fibers, with higher caliber axons. It is

known that fibers in 6-month-old mice have larger diameter

than in 3-month-old mice (Sherman and Brophy, 2005).

However, the myelin thickness of P0-GABA-B1fl/fl mice

seems to be increased irrespective of mice age. Therefore, the

changes observed with age may result from axonal modifica-

tions not secondary to myelin thickness, but from other

Schwann cell signals independent of myelination (Rosenberg

et al., 2006). This would provide further support for the

hypothesis that the GABA-B receptor ablation in Schwann

cells indirectly affects the neuronal compartment. In accord-

ance, the analysis of axon distribution, as well as the count of

Remak bundles and unmyelinated axons within each Remak,

suggest that the P0-GABA-B1fl/fl mice have a higher number

of small unmyelinated axons. Consistent with these observa-

tions is the increased number of small DRG neurons.

Given the plasticity of Schwann cells in vivo (Griffin

and Thompson, 2008), the changes observed in small fibers

of the P0-GABA-B1fl/fl mice suggest that the GABA-B1

receptors concur to regulate the shift towards the non-

myelinating Schwann cells. This phenomenon may occur dur-

ing development of perinatal nerves (Jessen and Mirsky,

2008; Woodhoo and Sommer, 2008), but in our study it

affects also the mature PNS of adult mice.

In accordance with the literature, we assume that about

half of the unmyelinated axons are essentially nociceptive C

fibers (Coutaux et al., 2005; Schmalbruch, 1986), whose

number usually correlates with the IENF density (Bickel

et al., 2009). Since in P0-GABA-B1fl/fl mice we observed an

increase in IENF density, we speculated that the thermal
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hyperalgesia might have been secondary to the increased

number of C fibers in the skin, or to the loss of their inhibi-

tion (Wasner et al., 2004). CGRP-positive fibers mostly rep-

resent Ad and unmyelinated C-fibers (Lawson, 2002; Pierce

et al., 2006). Since in P0-GABA-B1fl/fl mice Ad fibers were

found unaffected and the number of C fibers was increased,

we expected a concomitant gain in CGRP-positive fibers.

Instead, in P0-GABA-B1fl/fl mice the CGRP-positive fibers

were apparently decreased. This apparent discrepancy may

have alternative explanations. The absolute amount of

CGRP-positive fibers did not change in 3 and 6-month-old

P0-GABA-B1fl/fl mice, whereas the CGRP changes seemed to

occur only in control animals, in which the lack of GABA-B1

mechanisms likely did not stimulate the shift of Schwann

cells from myelinating toward non-myelinating state. Overall,

the major issue emerging from these observations is that the

opportunity for Schwann cells to assume the myelinating or

the non-myelinating phenotype may be delayed in P0-GABA-

B1fl/fl nerves.

The gait abnormalities observed in P0-GABA-B1fl/fl

mice, even if not similar to those previously demonstrated in

GABA-B1 2/2 mice (Magnaghi et al., 2008), could be the

consequence of the dysmyelination or of the painful neuropa-

thy observed. In total null GABA-B1 2/2 mice the hyperal-

gesia was attributed to the sensory nerve fiber changes and/or

to the impairment of central somatosensory pathways (Serra

et al., 2004). It is known that GABA-B receptors are involved

in regulating nociceptive pathways (Gassmann et al., 2004;

Lin et al., 1996; Schuler et al., 2001), and the antinociceptive

tone is partially mediated by GABA-B receptors located in

the CNS, specifically in the dorsal horn of the spinal cord

(Lin et al., 1996). However, our data from P0-GABA-B1fl/fl

mice clearly indicate that the GABA-B1-mediated peripheral

component is equally important in nociception.

A recent study analyzed Nav1.8-GABA-B1fl/fl mice

(Gangadharan et al., 2009). These mice (also called SNS-

GABA-B1fl/fl) expressed the CRE recombinase under the con-

trol of the sodium channel Nav1.8 (selectively expressed in

sensory neurons), thus resulting in a specific knockout of

GABA-B1 receptor in DRG neurons (Agarwal et al., 2004).

Although some slight modifications in response to acute

inflammatory pain and in the electrophysiological analysis of

Ad fibers were shown, the results from SNS-GABA-B1fl/fl

mice did not suggest a clear contribution of peripherally-

expressed GABA-B receptor in the regulation of pain. Differ-

ently from our model, Gangadharan et al. did not take into

account the effect of age. Moreover, the cell-specific knockout

of GABA-B1 in DRG affected all sensory neurons, making it

impossible to distinguish between neuronal subpopulations,

which usually form the soma of functionally different

afferents.

To identify GABA-B1-dependent mechanisms responsi-

ble for the changes in Schwann cell phenotype, we considered

some fundamental pathways involved in Schwann cell devel-

opment, such as the NRG1/ErbB signaling (Chen et al.,

2003, 2006; Michailov et al., 2004; Taveggia et al., 2005). In

this study, we found a GABA-B1-dependent NRG1 downreg-

ulation, particularly of the axonal form of NRG1 Type III, in

accordance with the lower levels of NRG1 Type III expressed

by small axons (Taveggia et al., 2005). The NRG1 Type III

reduction in the experimental mice may be in line with the

subsequent upregulation of ErbB2/B3 receptors, which may

represent a compensatory mechanism.

Among the intracellular signaling cascades activated by

ErbB receptors, the MAPK/Erk pathway acts as a negative

regulator of Schwann cell differentiation versus the pro-myeli-

nating/myelinating phenotype (Jessen and Mirsky, 2008;

Napoli et al., 2012; Ogata et al., 2004). In this view, the acti-

vation of phosphorylated Erk2 isoform in P0-GABA-B1fl/fl

mice may account for the instructive signal that determines

the changes in nociceptive C-fibers and the biased maturation

towards non-myelinating Schwann cells. However, the role of

Erk1/Erk2 signaling in Schwann cells is complex and context-

dependent (Napoli et al., 2012; Newbern et al., 2011); thus

in P0-GABA-B1fl/fl mice other mechanisms might be taken

into account.

In conclusion, our findings demonstrate that some of

GABA-B1-related changes in PNS are Schwann cell-

autonomous (e.g., myelin protein changes), whereas the axo-

nal effects indicate that secondary Schwann cell nonautono-

mous mechanisms (e.g., changes in neurons) may occur.

These effects may cause a reduction in the myelination of

small diameter fibers and strengthen a role for GABA-B

receptors in the maturation of Schwann cells towards the

non-myelinating phenotype. The effects on non-myelinating

and Remak Schwann cells are supported by several strands of

data, including behavioral measures. Indeed, the effects we

observed on myelination may be happening in a small subset

of myelinating Schwann cells later in development that is

after Remak bundles differentiation is completed.

The majority of clinical symptoms in demyelinating

neuropathies are determined by the axonal atrophy secondary

to the myelin damage (Hanemann and Gabreels-Festen,

2002). The comprehension of neuronal-glial interactions is

fundamental for the study of the pathophysiological condi-

tions affecting the PNS. Non-myelinating Schwann cell dys-

function could be responsible of some clinical peripheral

neuropathies characterized by abnormal pain sensitivity

(Brown et al., 1980; Dutsch et al., 2002). Treatment strat-

egies focusing on GABA-B-dependent modulation of neuro-

pathic pain may need to target not only spinal cord or DRG

neurons, but also Schwann cells in nerves.
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