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A B S T R A C T

Mutations in the GDAP1 mitochondrial outer membrane gene cause Charcot-Marie-Tooth (CMT) neuropathy.
Reduction or absence of GDAP1 has been associated with abnormal changes in the mitochondrial morphology
and dynamics, oxidative stress and changes in calcium homeostasis. Neuroinflammation has been described in
rodent models of genetic demyelinating CMT neuropathies but not in CMT primarily associated with axono-
pathy. Inflammatory processes have also been related to mitochondrial changes and oxidative stress in central
neurodegenerative disorders. Here we investigated the presence of neuroinflammation in the axonal neuropathy
of the Gdap1−/− mice. We showed by transcriptome profile of spinal cord and the in vivo detection of activated
phagocytes that the absence of GDAP1 is associated with upregulation of inflammatory pathways. We observed
reactive gliosis in spinal cord with increase of the astroglia markers GFAP and S100B, and the microglia marker
IBA1. Additionally, we found significant increase of inflammatory mediators such as TNF-α and pERK, and C1qa
and C1qb proteins of the complement system. Importantly, we observed an increased expression of CD206 and
CD86 as M2 and M1 microglia and macrophage response markers, respectively, in Gdap1−/− mice. These in-
flammatory changes were also associated with abnormal molecular changes in synapses. In summary, we de-
monstrate that inflammation in spinal cord and sciatic nerve, but not in brain and cerebellum, is part of the
pathophysiology of axonal GDAP1-related CMT.

1. Introduction

Charcot-Marie-Tooth (CMT) disease is the most common hereditary
condition of the peripheral nervous system. CMT is a genetic hetero-
geneous disease, which involves both motor and sensory nerves and is
characterized by distal muscle weakness and atrophy, leading to motor
handicap, distal sensory loss and pes cavus with wide clinical expression
severity (Rossor et al., 2016). Mutations in CMT-associated genes can
be expressed as primary lesion of either myelin or axonalperipheral
nerve, and pathogenic mechanisms involve a wide range of biological

processes and pathways (Jerath et al., 2015). GDAP1 (Ganglioside-in-
duced differentiation-associated protein 1) gene mutations cause axonal
CMT with both recessive (AR-CMT2K) (Cuesta et al., 2002) and domi-
nant (CMT2K) inheritance (Claramunt et al., 2005), and recessive de-
myelinating CMT4A (Baxter et al., 2002). GDAP1 is located at the mi-
tochondrial outer membrane (MOM) (Niemann et al., 2005; Pedrola
et al., 2005) and at mitochondrial associated membranes (MAMs) (Pla-
Martin et al., 2013). We have demonstrated that mutant GDAP1 cause
defects in mitochondrial dynamics and calcium handling (Pla-Martin
et al., 2013; Barneo-Munoz et al., 2015; Gonzalez-Sanchez et al., 2017).
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GDAP1 also participates in the defense against oxidative stress (Noack
et al., 2011).

To date in CMT disease, the inflammatory process and activation of
macrophages has been documented in animal models of demyelinating
forms (Martini and Willison, 2016) but not in axonal forms. We have
reported a Gdap1 knockout mouse (Gdap1−/−) that resembles the au-
tosomal recessive axonal AR-CMT2K form of GDAP1-related CMT
neuropathies. Gdap1−/− mice show a motor and sensory neuropathy
with a reduction of compound muscle potential action (CMAP) ampli-
tudes, motor nerve conduction velocities (MNCVs) (Barneo-Munoz
et al., 2015). In addition, Gdap1-null mice show abnormal thermal and
mechanical nociceptive sensitivities related to defects in the peripheral
nervous system (Martínez-Valero, 2017). Therefore, Gdap1 knockout
mouse model offers the opportunity to investigate the role of neuroin-
flammation in axonal peripheral neuropathies in which the primary
defect involves a gene that produces mitochondrial and metabolic al-
terations. It is known that abnormal mitochondria function generates
oxidative stress causing inflammation responses that are relevant in the
pathophysiology of neurological diseases (Di Filippo et al., 2010; Lopez-
Armada et al., 2013). Here, we demonstrate that the absence of GDAP1
causes an inflammatory response in mice that involves the innate im-
mune system and may accelerate the neurodegenerative process of CMT
disease.

2. Material and methods

2.1. Animals

The Gdap1 knockout (Gdap1−/−) mice were previously generated
and characterized in our laboratory (Barneo-Munoz et al., 2015).
Gdap1−/− and wild type (WT) mice at 12-month-old were sacrificed
by gentle cervical dislocation and used as RNA, protein and tissue
source. Expression of inflammatory cytokines and mediators were also
investigated in 5-month-old mice. All the animals were kept under
controlled temperature (23 °C) and humidity (60%) on a 12 h light/dark
cycle with access of food and water ad libitum. Experimental procedures
were performed following the European Union Council guidelines
(2010/63/EU) and Spanish regulations (RD1201/2005), and were ap-
proved by the local Research and Ethics Committee of the Príncipe
Felipe Research Center (CIPF).

2.2. Motor neuron primary cell culture

Primary cell cultures of motor neurons (MNs) were prepared from
E13.5 mouse as described (Gingras et al., 2007) with some modifica-
tions (Barneo-Munoz et al., 2015). Ventral spinal cords were dis-
aggregated enzymatically in glucose–HEPES (GHEBS) buffer solution
(137mM NaCl, 2.7 mM KCl, 22.2 mM glucose, 25mM HEPES buffer
pH 7.4, 20 IU/mL penicillin, 20mg/mL streptomycin) containing
0.025% trypsin for 9min at 37 °C, followed by mechanical dissociation.
Cells were collected under a 4% bovine serum albumin (BSA) gradient.
MNs were isolated by centrifugation (10min at 520g) on a density
gradient 11.5% OptiPrep (Sigma-Aldrich) in GHEBS buffer and platting
in a complete medium: Neurobasal (Life technologies) supplemented
with B27 (Life technologies), 2% horse serum, 1× glutamax (Life
technologies), and a cocktail of recombinant neurotrofins: 1 ng/mL
BDNF, 10 ng/mL GDNF, 10 ng/mL CNTF, and 10 ng/mL HGF (Pre-
Protech) on poly-D-lysine/laminin-coated surfaces as described pre-
viously (Soler et al., 1998). MNs were grown in a 5% CO2 incubator at
37 °C.

2.3. Transcriptome analysis

Total RNA was extracted from lumbar spinal cord dissected and
snap frozen in liquid nitrogen using the Rneasy Mini Kit (Qiagenp/n
74,106). RNA was quantified by spectrometry (NanoDrop ND1000,

NanoDrop Technologies) and quality was confirmed by RNA 6000 Nano
Bioanalyzer (Agilent Technologies) assay. Total RNA was used to pro-
duce Cyanine 3-CTP-labeled cRNA using the Low Input Quick Amp
Labelling Kit (One-Color, Agilent p/n 5190-2305) according to the
manufacturer's instructions. Following ‘One-Color Microarray-Based
Gene Expression Analysis’ protocol Version 6.7 (Agilent p/n G4140-
90040), 600 ng of labeled cRNA was hybridized with the SurePrint G3
Mouse Gene Expression v2 Microarray, 8x60K (Agilent p/n G4852A-
028005) containing 55,680+probes. Arrays were scanned in an
Agilent Microarray Scanner (Agilent G2565C) according to the manu-
facturer's protocol and data extracted using Agilent Feature Extraction
Software 11.5.1.1 following the Agilent protocol GE1_1105_Oct12, grid
template 028005_D_F_20140728 and the QC Metric Set
GE1_QCMT_Oct12. To find differentially expressed genes and pathway
enrichment analysis, normalized data were used for statistical analysis
using limma moderated t-statistics (p≤0.05). Data were normalized by
Z-Score and the heatmap visualized by R gplots. Data analysis was
carried out in the Genomic Core Facility of the Principe Felipe Research
Center.

2.4. In vivo imaging

Three wild type (WT) and three Gdap1−/− mice were anesthetized
with 5% isoflurane and hair was removed. Mice received in-
traperitoneal Xenolight Rediject Inflammation Probe (Perkin Elmer) at
a dose of 200mg/kg which allows for in vivo assessment of myeloper-
oxidase activity of activated phagocytes. The bioluminescence was ac-
quired using the IVIS bioluminescence/fluorescence optical imaging
system at different time points after injection. Each image was acquired
with 5-s exposure times using 750 nm excitation and 800 nm emission
filter set. Regions of interest (ROIs) were manually drawn around the
bodies of the mice to assess the relative signal intensity emitted. The
optical signal was quantified using Living Image Software (Caliper Life
Sciences) and photon flux was expressed as the average radiance in
photon/s/cm2/sr. Optical images were used for quantitative analysis of
the total and maximum radiant efficiency within each ROI.

2.5. Measuring ROS production and mitochondrial superoxide

MNs were seeded in a 96-well plate in a density of 20,000 cells/
well. MNs at 2 DIV were treated with 500 μM hydrogen peroxide for
10min as a positive control. The ROS production were analyzed with
carboxy-2′,7′- dichlorodihydrofluoresceinediacetate (DCFH-DA) as
previously described (Qin et al., 2004). The production of mitochon-
drial superoxide was detected by MitoSOX Red reagent (Molecular
Probes), following manufacture instructions. MNs were exposed to
20 μM DCFH-DA for 30min or 5 μM Mitosox for 10min at 37 °C in HCSS
(120mM NaCl, 0.8 mM MgCl2, 25mM HEPES, 5.4 mM KCl, pH 7.4),
2.5 mM glucose, 2 mM Ca2+. Then, the medium was removed and the
fluorescence was read immediately at the wavelengths of 485 nm for
excitation and 530 nm for emission for the detection of DCF and 510 nm
for excitation and 580 nm for emission of MitoSOX using a Victor-II
spectrofluorimeter plate reader (Wallac).

2.6. Measuring cell viability

For neuronal viability analysis, MNs were seeded in 96 well coated
plate and at 2 DIV treated or not with 10 μM camptotecine overnight as
positive control. The next day, MNs were incubated during 30min at
4 °C with 1 μM YO-PRO-1 (491/509 nm) and 1 μg/ml Hoechst 33342
(350/461 nm), followed by 2 μg/ml of propidium iodide (493/633 nm)
during 10min. This dual staining was used to differentiate between
necrosis (propidium iodide positive labeled) and apoptosis (YO-PRO-1
positive labeled). Images were acquired and analyzed by using the In
Cell Analyzer 2200 (GE Healthcare Life Science).
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2.7. Western blotting

Total proteins were obtained from snap frozen in liquid nitrogen
tissues (brain, cerebellum, spinal cord and sciatic nerves) using lysis
buffer (50mM Tris/HCl pH 7.4, 1.5 mM MgCl2, 5 mM EDTA, 1% (v/v)
Triton X100, 50mM NaF, 1mM Na2VO3, 1mM DTT) containing a
cocktail of protease inhibitor (Roche). Samples were centrifuged
(15,000 g) at 4 °C for 30min and the supernatant was collected. The
protein concentration was determined with the Bradford reagent (Bio-
Rad Protein Assay) using BSA as standard. Equal amounts of proteins
(30 μg) of each sample were load onto SDS-polyacrylamide gels and
transferred to a polyvinylidene fluoride membrane (EMD Millipore).
Membranes were blocked with 5% dried milk or 5% BSA for phos-
phorylated proteins in TBS containing 0.1% Tween-20, and then in-
cubated overnight at 4 °C using the following antibodies: α-pERK1/2
(1:100), α-ERK1/2 (1:100), α-pJNK (1:100), α-JNK (1:100), α-IRF3
(1:250) and α-TNF-α (1:300) from Santa Cruz Biotechnology; α-PSD95
(1/400) and α-SYNAPSIN-1 (1:300) from Abcam. After washing, blots
were incubated with a goat α-rabbit peroxidase-conjugated IgG or goat
α-mouse peroxidase-conjugated IgG (1:10,000; Abcam) during 1 h at
room temperature (RT) and proteins were visualized using the ECL
Prime chemiluminescent substrate (GE Healthcare Amersham). The
bands intensity was measured through total area of the peaks using the
AlphaImager2200 software (Alpha Innotech Corporation).

2.8. Quantitative real-time RT-PCR

Total RNA was isolated from tissues or MNs with Trizol reagent
(Invitrogen), purified (RNeasy Protect Mini Kit, Qiagen) according to
the manufacturer's instructions and stored at −80 °C. RNA purity was
assessed and quantified by the 260/280 nm ratio in a Nanodrop device
(ND-1000, NanoDrop Technologies, Thermo Fisher Scientific). RNA
samples were treated with DNase (Sigma-Aldrich) and cDNAs were
obtained by reverse-transcribe cDNA Synthesis kit (Thermo Scientific).
cDNAs were amplified in triplicate in a rapid thermal cycler
(LightCycler Instrument, Roche Diagnostics) with SYBR Green Master
mix (Life Technologies) using 0.5 μM of each oligonucleotide. Primers
were designed using the Primer Blast program (NCBI). Samples un-
derwent 45 PCR cycles (2min at 95 °C, 10 s at the melting temperature
and 18 s at 72 °C). For each primer pair, the melting temperature was
optimized. The primer pairs used in this study are shown in Table 1.
Peptidylprolyl Isomerase A (Ppia) and phosphoglycerate kinase (Pgk1)
housekeeping genes were used as an internal control for normalization.
The relative quantification of the PCR products was done using the
LightCycler 480 quantification software (Roche Molecular Biochem-
icals).

2.9. Lumbar spinal cords staining

Mice were anesthetized through intraperitoneal injection of a
cocktail containing ketamine (90mg/kg) and xylazine (10mg/kg) in
sterile normal saline and transcardially perfused with phosphate buf-
fered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS.
Isolated lumbar spinal cords were post-fixed in 4% PFA overnight at
4 °C and processed for frozen or paraffin techniques. The cryoprotection
protocol consisted of a saccharose gradient (10%, 20% and 30%) per-
formed before freezing. The tissues samples were placed in OCT em-
bedding medium and frozen by liquid nitrogen. Frozen tissues were cut
into 10 μm sections on a cryostat. On the other hand, paraffin-em-
bedded tissue blocks were cut into 10 μm-transversal serial sections
using a microtome. Paraffin tissues sections were pretreated for de-
paraffinization and rehydration before perfoming im-
munohistochemistry assays. Frozen and paraffin tissues sections were
blocked in PBS, 5% normal goat serum, 4% BSA and 0.2% Triton X-100
for 2 h at RT and then, incubated with primary antibodies (prepared in
PBS, 1% normal goat serum, 4% BSA and 0.2% Triton X-100) overnight
at 4 °C. The next day, the slices were washed three times with PBS and
incubated for 1 h with secondary antibodies at RT. Finally, after three
rinses with PBS, the slices were counterstained with DAPI Fluoromont
(Sigma-Aldrich).

2.10. Sciatic nerve staining

Mice were sacrificed by cervical dislocation and sciatic nerve were
dissected and immediately frozen in liquid nitrogen and stored at
−80 °C. They were placed in OCT embedding medium, frozen and cut
into 7 μm sections on a cryostat. Nerves sections were fixed in PFA 4%
for 7min, blocked with 8% BSA and 1% Triton X-100 for 90min at RT
and then incubated with primary antibodies (prepared in PBS, 5% BSA
and 0′1% triton X-100) overnight at 4 °C. The next day, the slices were
washed with PBS-0′5% Tween-0′1% Triton and incubated for 3 h with
secondary antibodies at RT. Finally, after several washes with PBS, the
slices were mounted with Fluoromount-G with DAPI.

2.11. Antibodies

For negative controls, sections were incubated in parallel without
primary antibody. The following primary antibodies were used: α-SMI-
32 (1:1000, Covance), α-GFAP (1:700, Sigma-Aldrich), α-S100B (1:50,
Abcam), α-IBA 1 (1:200, Wako), α-TUBB3 (1:700, Abcam), α-TUBB3
(1:500, Sigma-Aldrich), α-TUBB3 (1:500, Promega), α-pERK (1:50, Cell
Signaling),α-TNF-α (1:100, Abcam), CD206 (1:40, R&D Systems), CD86
(1:100, BD Biosciences), α-SYNAPSIN-1 (1:75, Abcam) and α-PSD95
(1:150, Abcam). The secondary antibodies, diluted 1:500, were the

Table 1
RT-PCR oligonucleotides used to detect mRNAs in MNs.

Gene Forward Reverse

Tnfα 5′-AGCCCCCAGTCTGTATCCTT-3′ 5′-GAGGCAACCTGACCACTCAACCG-3′
Cxc10 5′-CCAAGTGCTGCCGTCATTTTC-3′ 5′-GGCTCGCAGGGATGATTTCAA-3′
C1qa 5′-TGTCCCACCATCAGCAAAGG-3′ 5′-GTCTCCATGGTGTCCCTGC-3′
C1qb 5′-TCTAGGGACCCAGACTTCCG-3′ 5′-AGGGGCTTCCTGTGTATGGA-3′
Gfap 5′-CGAAGAAAACCGCATCACCA-3′ 5′-TTGAGGTGGCCTTCTGACAC-3′
S100b 5′-GACTCCAGCAGCAAAGGTGA-3′ 5′-CTTCCTGCTCCTTGATTTCCTCCA-3′
MhcII 5′-CATTCAAGGCCTGCGATCAG-3′ 5′-CTTGGTTTTGTGGGTCCTGG-3′
Itgam 5′-CATTCAAGGCCTGCGATCAG-3′ 5′-CTTCCTGCTCCTTGATTTCCTCCA-3′
EphB2 5′-GCCGTGGAAGAAACCCTGAT-3′ 5′-GTTCATGTTCTCGTCGTAGCC-3′
Synto 5′-CTGCATCCGTGGTCAACAG-3′ 5′-GGGACTCCTATCCGCCATAC-3′
Pick1 5′-CTGGTGACGAGATCACTGGG-3′ 5′-GACATGCCCTGCTTAGGGTC-3′
Chrm1 5′-ACCTCCCCTATCCACCTTCAG-3′ 5′-AGAGTAAGGGCATCACCTTGG-3′
Htr2b 5′-TGGTCATCATGGCAGTGTCC-3′ 5′-CCACCGGTACCCATACAGGA-3′
Ppia 5′-GCGTCTGCTTCGAGCTGTTTGC-3′ 5′-CCAAAGACCACATGCTTGCCATCC-3′
Pgk1 5′-GGGTGTGAATCTGCCACAGAA-3′ 5′-TTGCAGACAAGATCCAGCTGA-3′
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following: donkey α-mouse Alexa Fluor 488, donkey α-rabbit Alexa
Fluor 488, donkey α-mouse Alexa Fluor Texas Red, donkey α-rabbit
Alexa Fluor 594, donkey α-mouse Alexa Fluor 594 and donkey α-goat
Alexa Fluor 488 from Invitrogen, and donkey α-rat Alexa Fluor 488
from Abcam.

2.12. Images acquisition

Confocal images were acquired on a Leica TCS-SP8 X White Light
Laser confocal microscope (Leica Microsystems) with Hybrid spectral
detectors using a HC PL APO 20× and 40× oil immersion objectives
(0.75 and 1.25 NA, respectively). The quantitative image analysis of the
immunoreactivity was assessed using the Image J software (v1.37,
National Institutes of Health).

2.13. Statistical analysis

All statistical analyses were performed using the GraphPad Prism
5.03 Software. The mean data were compared using an unpaired
Student's two-tailed t-test to determine the significance of values be-
tween the experimental groups. The results were represented as means
and standard error of the mean (SEM). Values of P≤0.05 were con-
sidered statistically significant.

3. Results

3.1. GDAP1 deficiency induces up-regulation of immune response pathways
and oxidative stress

We investigated if GDAP1 deficiency induces neuroinflammation in
mouse and if it was associated with oxidative stress in motor neurons
(MNs). First, we studied how the lack of GDAP1 affects transcriptional
pattern of immune response genes in mice spinal cord, where MNs
somas are located. We identified 570 upregulated and 469 down-
regulated genes at a P value threshold of 0.05 in the Gdap1−/− mice
when compare to WT. Bioinformatic analysis using the Gene Ontology
(GO) browser showed the significant upregulation in the Gdap1−/−

mice of pathways related to innate and adaptive immune system
(Fig. 1A). Specifically, we found the up-regulation of pathways related
to protective immunity, inflammatory pathology and regulation of
lymphocytes, and the significant down-regulation of regulatory path-
ways of immune-related processes (Fig. 1A). Then, we studied the
presence of inflammation in vivo in the Gdap1−/− mice by detecting
myeloperoxidase (MPO) activity of activated phagocytes using Xeno-
light Rediject inflammation probe (Fig. 1B). We observed the significant
increase of average radiance in both total and maximum efficiency in
the Gdap1−/− mice when compared to WT. This process was particu-
larly localized in spinal cord and peritoneum. Overall, the tran-
scriptome profile and the in vivo detection of MPO in the Gdap1−/−

mice showed that the absence of GDAP1 is associated with the activa-
tion of inflammatory pathways.

As the lack of GDAP1 causes mitochondrial defects (Barneo-Munoz
et al., 2015), we investigate whether inflammation associated with
GDAP1 absence is related to redox homeostasis. We quantified the le-
vels of cellular reactive oxygen species (ROS) and mitochondria su-
peroxide in MNs primary cultures. We observed that Gdap1−/− MNs in
comparison to WT showed both higher levels of ROS formation (Fig. 1C,
left panel) and superoxide ion in mitochondria (Fig. 1C, right panel). In
addition, Gdap1−/− MNs showed a significant increase of cell death
and apoptotic cells with respect to WT neurons (Supplementary Fig. 1).
Altogether these results showed that the absence of GDAP1 induces a
higher oxidative status in neurons that probably activates the in-
flammatory response that we found in Gdap1−/− mice.

3.2. The Gdap1−/− mouse spinal cord and sciatic nerve show pro-
inflammatory markers

To get a deeper insight into the impact of the inflammation pa-
thology in Gdap1−/− mice spinal cord, we investigated the presence of
gliosis performing immunofluorescence analysis of astrocytes and mi-
croglial cells. We used specifics antibodies to detect glial fibrillary
acidic protein (GFAP) and S100 calcium-binding protein B (S100B), as
astroglia-specific markers, and ionized calcium binding adapter mole-
cule-1 (IBA1), as microglia and macrophages marker. In Gdap1−/−

mice, we observed that GFAP-positive (+) cells presented hypertrophic
cell body typical of reactive astrocytes (Fig. 2A, upper). Moreover,
many of IBA1 labeled cells showed rounded cell bodies with shorted
processes and amoeboid morphologies (Fig. 2A, lower), indicative of
activated microglial cells. Immunofluorescence quantification showed a
significant increase GFAP, S100B and IBA1 immunoreactivity in
Gdap1−/− mice, compare to control mice (Fig. 2B). In addition, we
found a significant upregulation of Gfap, S100b, Mhc class II and Itgam
mRNA levels in the spinal cord of Gdap1−/− (Fig. 2C) but not in brain
or cerebellum (Supplementary Fig. 2).

Next, we characterized the functional phenotypes of the innate
immune response in Gdap1−/− mice by detecting anti-inflamatory
(M2) and pro-inflamatory (M1) markers (Groh and Martini, 2017). Co-
localization experiments using α-IBA1 with α-CD206 (Mannose Re-
ceptor C-Type 1, M2 marker) or α-CD86 (T-Lymphocyte Activation
Antigen CD86, M1 marker) were performed in WT and Gdap1−/− mice
spinal cords and sciatic nerve. We observed equal CD206 expression in
WT and Gdap1−/− mice (Fig. 3A), which indicates that both genotypes
exhibit anti-inflammatory features. In contrast, we found a significant
increase of the pro-inflammatory M1 marker CD86 signal in both the
spinal cord (P < 0.001) and the sciatic nerve (P < 0.001) in Gdap1
−/− mice (Fig. 3B). In addition, axonal damage was assessed by
staining the unphosphorylated neurofilament heavy chain SMI-32. We
found high SMI-32 signal in Gdap1 −/− mice that was not present in
WT mice (Supplementary Fig. 3), confirming axonal damage associated
with lack of GDAP1.

3.3. Absence of GDAP1 induces expression of inflammatory mediators

To investigate the activation of the innate immunity and the gen-
eration of inflammatory mediators in the Gdap1−/− mice, we studied
the expression of inflammatory markers in sciatic nerve and spinal cord
as CMT target tissues. Total protein from 5- and 12-month old mice
were studied (Fig. 4A and B). Western blot experiments revealed sig-
nificant differences in the Gdap1−/− mice in comparison to WT. Tumor
necrosis factor alpha (TNF-α), a cytokine involve in systemic in-
flammation, showed a significant increase in both sciatic nerve
(Fig. 4A) and lumbar spinal cord (Fig. 4B) at both ages. Phosphorylated
extracellular signal–regulated kinases (pERK), which controls TNF-α
secretion in glia cells and neurons during inflammatory response
(Coquenlorge et al., 2014; Mir et al., 2008), was increased in sciatic
nerve from 5month-old and in spinal cord at 12month-old mice
(Fig. 4A and B). Conversely, cJun NH2-terminal kinases (JNK) signaling
pathway, which is also involved in Tnfα regulation (Ventura et al.,
2003), showed no differences (Fig. 4A and B). The Interferon Reg-
ulatory Factor 3 (IRF3) was increased exclusively in spinal cord at both
ages (Fig. 4B). These changes were not observed in brain and cere-
bellum (Supplementary Fig. 4).

To further evaluate the inflammatory response status in the
Gdap1−/− mice spinal cord, we performed RT-PCR of Tnfα, C-X-C motif
chemokine ligand 10 gene (Cxcl10), complement C1q A chain (C1qa)
and complement C1q B chain (C1qb) genes (Fig. 4C). We found a sig-
nificant upregulation for all these genes in the Gdap1−/− mice, thus
supporting activation of innate immune response in spinal cord.

To define the cell types involved in the activation of inflammatory
response in Gdap1−/− mice spinal cord, we performed double
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immunostaining of neural-specific markers with p-ERK1/2 or TNF-α
(mediators elevated in both sciatic nerve and spinal cord). Gdap1−/−

mice showed a pERK expression increment mostly in neurons (TUBB3+

cells) and microglia (IBA1+ cells), but also in some astrocytes (S100+
cells) (Fig. 5A). TNF-α expression was only detected in Gdap1−/− mice.
Specifically, TNF-α was mostly expressed in microglia cells and to lesser

(caption on next page)
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extent in some astrocytes (S100+ cells) and in a few neurons (TUBB3+
cells) (Fig. 5B).

3.4. The loss of GDAP1 alters synaptic homeostasis in spinal cord

Since neuroinflammation potentially contributes to synapse loss
(Mottahedin et al., 2017), we evaluate the expression of genes and
proteins related to synaptic organization and function in spinal cord.
We quantified by RT-PCR the Ephrin type-B receptor 2 (Ephb2) gene,
which is involved in neuronal plasticity (Grunwald et al., 2001), two
postsynaptic markers genes (Synaptopodin [Synpo]) and protein in-
teracting with PRKCA1 [Pick1]), and two receptor genes (cholinergic
receptor muscarinic 1 [Chmr1] and 5-hydroxytryptamine receptor 2B
[Htr2b]). We found all markers increased in the Gdap1−/− mice
(Fig. 6A). In addition, Western blot analysis showed that the Gdap1−/−

mice had an increase of SYNAPSIN-1, a phosphoprotein of synaptic
vesicles that modulates the neurotransmitter release (Cesca et al.,
2010), while the postsynaptic density protein 95 (PSD95) did not show
any changes (Fig. 6B). We also performed double immunolabeling with
α -TUBB3 and either α -PSD95 or α -SYNAPSIN-1 (Fig. 6C). While
quantification of total signal intensity showed no differences (Fig. 6D,
left panel), a significant decrease was found in the area labeled with
either PSD95 or SYNAPSIN-1 (Fig. 6D, right panel). These results sug-
gest dysfunctional changes in Gdap1−/− mice synapsis at spinal cord.

4. Discussion

The role of innate and adaptive immune response and inflammation
in genetic peripheral neuropathies is not fully understood. In this study,
we present evidence that neuroinflammation could play a pathophy-
siological role of the neuropathy associated Gdap1-null mouse, as a
model of GDAP1-related recessive CMT axonopathy.

Our findings in Gdap1−/− mice and cultured MNs can be sum-
marized as follows: first, the GO analysis of transcriptome data from
spinal cord showed deregulation of several immune responses path-
ways; second, the in vivo detection of higher levels of phagocytes acti-
vation in the spinal cord; third, the presence of pro-inflammatory
markers in the spinal cord and sciatic nerve; and fourth, the significant
increase of inflammatory proteins of innate immune system in spinal
cord and sciatic nerve.

A number of evidences have shown the role of innate immune re-
sponse in the pathophysiology of peripheral axonopathies. Studies in
animal models have shown complement-mediated disruption of node of
Ranvier channels, which in turn disrupts ionic homeostasis (Susuki
et al., 2007) and contributes to axonal damage. In this way, treatment
with anti-C1q monoclonal antibodies attenuated activation of comple-
ment cascade and deposition as well as it reduced the recruitment of
immune cells and axonal injury (McGonigal et al., 2016). In the case of
demyelinating CMT, animal models for different causative genes show
that inflammation is a common pathogenic feature (Martini and
Willison, 2016). For instance, a CMT1X model shows secondary in-
flammation involving detrimental macrophage activation that in-
tensifies demyelination, Schwann cell dedifferentiation and axons
dysfunction (Groh et al., 2015). By contrast, nerve crush injury induces
macrophages activation to clear debris and regulates Schwann cell

function during nerve regeneration (Stratton et al., 2018).
In the Gdap1−/− mice, a model for primary axonal CMT, we ob-

served an increase of inflammatory response in both spinal cord and
sciatic nerve associated with axonal damage, which may participate in
the pathophysiology that we have previously observed in this model
(Barneo-Munoz et al., 2015). GDAP1 is located at MOM and mutations
in GDAP1 gene produce mitochondrial alterations. It is known that
dysfunctional mitochondria generate high levels of ROS that could ac-
tivate the redox-sensitive inflammatory pathway and the inflamma-
some. Both of these pathways promote the production of inflammatory
cytokines leading to an overstimulation of the inflammatory response
(Lopez-Armada et al., 2013). On the other hand, ROS production by
dysfunctional mitochondria can also induce neuronal damage. As a
consequence, neurons release various range of damage-associated mo-
lecular patterns (DAMPS), which are molecules recognized by the in-
nate immune system and able to develop an inflammatory response
(Krysko et al., 2011). In the present work, we detected excess of ROS
and mitochondrial superoxide in the Gdap1−/− MNs thus suggesting
that mitochondrial dysfunction might be responsible for triggering the
inflammatory response.

The finding of mRNA upregulation of glial markers and reactive
gliosis in the spinal cord of Gdap1−/− mice indicated a relevant in-
flammatory process in the spinal cord that can extend to the sciatic
nerve or viceversa, but not in the brain and cerebellum. Several studies
in animal models of neurodegenerative diseases have demonstrated
different microglia phenotypes along disease stage, neuroprotective or
neurotoxic in early or late phases, respectively (Kobayashi et al., 2013;
Liao et al., 2012; Tang and Le, 2016). We found expression of both M2
neuroprotective and M1 neurotoxic microglia and macrophage markers
in Gdap1−/− mice spinal cord and sciatic nerve, respectively. Microglia
and macrophage activation may lead to the release of inflammatory
mediators and neurotoxic molecules amplifying inflammatory response
and ongoing neuronal damage (Block et al., 2007). Indeed, Gdap1−/−

mice also showed increase of inflammatory mediators of the innate
immune response in spinal cord and sciatic nerve. pERK increase was
found in MNs, astrocytes and microglia cells in spinal cord of Gdap1−/−

mice. It is known that neuronal oxidative stress activates ERK signaling
pathway that plays a detrimental role in neurons promoting neuronal
cell death (Satoh et al., 2000). On the other hand, activation of ERK
signaling also controls the regulation of inflammatory cytokine and
ROS production in astrocytes and microglia during inflammatory re-
sponse (Ben Haim et al., 2015; Qian et al., 2007; Zhao et al., 2011). In
others CMT models, the activation of ERK signaling pathway has also
been associated with neuroinflammation and neurodegeneration. Spe-
cifically, ERK signaling activation upregulates Schwann cell-borne
monocyte chemoattractant protein-1 (MCP-1) causing axon damage
and demyelination in CMT1 models (Kohl et al., 2010). Moreover, the
in vivo inhibition of the MEK-ERK pathway in CMT1X mice diminishes
macrophage elevation and demyelination (Groh et al., 2010).

TNF-α, it is a pro-inflamamatory cytokine that plays an important role
in the propagation of inflammation due to the activation and recruitment
of immune cells (Bradley, 2008). Although glial cells are the major source
of TNF-α (Chung and Benveniste, 1990; Hanisch, 2002; Welser-Alves and
Milner, 2013), neurons are also able to produce TNF-α during neuroin-
flammation (Janelsins et al., 2008; Kiaei et al., 2006; Yoshihara et al.,

Fig. 1. The lack of GADP1 causes an upregulation of immune system pathways and an increase of oxidative stress in MNs primary cultures.
A) Heatmap of normalized data representing color-coded expression levels of differentially expressed genes in Gdap1−/− spinal cord mice compare to WT mice.
Positive log-ratios (log fold change) are shown in red, while negative log-ratios are shown in green. Gene ontology (GO) terms for up- and downregulated pathways in
the Gdap1−/− mice were represented (right panel). P-values determined by Fisher's exact test are expressed as the negative logarithm (base 10). B) In vivo biolu-
minescent imaging of WT and Gdap1−/− mice after 24 h injection of Xenolight Rediject Inflammation Probe. The optical signal was quantified from the ROIs drawn
manually and expressed as the average radiance in photon/s/ cm2/sr (p/s/cm2/sr). Data are means± SEM from 3 independent experiments. **P < 0.01. C) DCFH-
DA or MitosSOX staining were used to detect ROS production and mitochondrial superoxide, respectively, in MNs primary cultures. MNs were treated with hydrogen
peroxide to induce oxidative stress. Data are means + SEM from 6 independent experiments. *P < 0.05, **P < 0.01 for comparison between untreated Gdap1−/−
versus (vs) WT MNs and, § P < 0.05 for comparison between treated vs untreated MNs. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Gdap1−/− mice show reactive gliosis in spinal cord.
A) Inmunostaining of astrocyte (GFAP and S100B), microglia (IBA1) and neuronal (TUBB3) markers in spinal cord transverse sections of WT (left) and Gdap1−/−

(right) mice. Images were taken from confocal optical sections that are representative for the group averages. Arrows indicate hypertrophic astrocytes and activated
microglia. Scale bar: 50 μm. B) Quantification of fluorescence intensity (A.U., arbitrary units) from 3 independent samples using Image J 1.37v. Data represent
mean ± SEM. C) RT-PCR analysis of the astroglial activation markers Gfap and S100b and the microglia activation markers Mhc II and Itgam genes from WT and
Gdap1−/− mice in spinal cord. Data are means± SEM from 6 independent experiments. *P < 0.05, **P < 0.01.
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Fig. 3. Immunofluorescence visualization of M2 and M1 microglia and macrophage markers in spinal cord and sciatic nerve of WT and Gdap1−/− mice. WT and
Gdap1−/− mice spinal cords and sciatic nerve were stained with α-IBA1 (microglia/macrophage marker) and either α-CD206 (M2 marker) or α-CD86 (M1 marker).
A) CD206 expression was detected in microglia cells from WT and Gdap1−/− mice. B) High expression of CD86 was observed in microglia and macrophages of
Gdap1−/− mice. Scales bar: 30 μm (spinal cord) and 100 μm (sciatic nerve). Quantification of IBA1 positive (+) cells (percentage) with CD206 (IBA1+ cells
WT=43, KO=49) or CD86 (IBA1+ cells WT=53, KO=38) are shown in the right site of spinal cord panels. Quantification of CD206 or CD86 fluorescence
intensity levels (A.U.) are shown in the right site of sciatic nerve panel. Data are median and interquartile rage (n=10 images (60mm2 each) from 2 sciatic nerves of
each genotype).
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2002). We found that mostly microglia, but also some astrocytes expressed
high levels of TNF-α in spinal cord Gdap1−/− mice. Moreover, we also
observed an increase of TNF-α expression in a few MNs of spinal cord,
which might implicate neuron-glial interactions during the inflammatory
process of neurodegeneration. It has been reported that antibodies against
TNF-α prevented the loss of myelinated and unmyelinated fibers in a
mouse model of a neuropathy (Ale et al., 2014). Furthermore, in CMT1A
patients, melatonin treatment reduces the hyperoxidative and in-
flammatory condition normalizing pro-inflammatory cytokines including
TNF-α (Chahbouni et al., 2017). Thus, the upregulation of Tnfα expression

and ERK signaling in the axonal neuropathy of the Gdap1−/− mice allows
proposing common treatment approaches for genetic CMT neuropathies,
either axonal or demyelinating.

Finally, we observed in the Gdap1−/− spinal cord an increase of mRNA
for proteins involved in neuronal plasticity and the decrease in the area
labeled with synaptic markers in MNs. Neuroinflammation have been di-
rectly linked to synaptic dysfunction in many neurodegenerative disorders.
Many studies suggest that microglia cells are responsible for synapse
elimination through activation of classical complement pathway
(Mottahedin et al., 2017; Stephan et al., 2012). Interestingly, we found a

Fig. 4. GDAP1 deficiency promotes an inflammatory process in spinal cord and sciatic nerve.
Western blot and quantification of pERK, pJNK, IRF3 and TNF-α in sciatic nerve (A) and spinal cord (B) from 5- and 12-month-old mice. Relative protein expression
of western blot bands was quantified using Image J 1.37v. Data are means± SEM from 5 independent experiments. C) RT-PCR analysis of Tnfα, IP10 and C1qa and
C1qb genes in spinal cord samples from WT and Gdap1−/− mice. Data are means± SEM from 8 independent experiments. *P < 0.05, ***P < 0.001.
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significant upregulation of C1qa and C1qb complement system genes in the
spinal cord of Gdap1−/−. Therefore, we postulate that the abnormal phy-
siology at synapses in the Gdap1−/− spinal cord could be related not only
to the axonopathy itself but also to the associated neuroinflammation and
reactive gliosis (Chung et al., 2015).

5. Conclusions

We have demonstrated that inflammation in spinal cord and sciatic
nerve, but not in brain and cerebellum, is part of the pathophysiology in
a mouse model of axonal GDAP1-related CMT. These findings may open

Fig. 5. Characterization of pERK and TNF-α inmmunoreactivity cells in spinal cord.
Double labeling immunofluorescence of pERK (A) and TNF-α (B) with TUBB3 (neuronal marker), IBA1 (microglia marker) or S100B (astrocyte marker) in spinal cord
sections of WT and Gdap1−/− mice. A) Intense pERK immunoreactivity was observed mostly in neurons (TUBB3) and microglia (IBA1), and in a subset of astrocytes
(S100B) in Gdap1−/− mice, compare to control mice. B) Co-localization of TNF-α was not detected with either neuronal or glial markers in WT mice. In contrast,
TNF-α was co-localized predominantly with microglia (IBA1) in Gdap1−/− mice. It was also colocalized with some astrocytes (S100B) and minimally with a few
neurons (TUBB3).
Scale bar: 20 μm. Arrow heads indicate the co-localized cells.

Fig. 6. GDAP1 deficiency cause changes in spinal cord synaptic homeostasis. RT-PCR analysis of Ephb2, Synto, Pick1, Chmr1 and Htr2b genes (A) and immunoblot of
PSD95 and SYNAPSIN-1 (B), in spinal cord samples of WT and Gdap1−/− mice. Data are means± SEM from 5 independent experiments. C) Inmunostaining of
synaptic markers PSD95 and SYNAPSIN-1, and TUBB3 as neurons marker in spinal cord of WT and Gdap1−/− mice. Images were taken from confocal optical sections
that are representative for the group averages. Scale bar: 50 μm. D) Quantification of fluorescence intensity (a.u.) from 4 independent samples was performed using
Image J 1.37v. *P < 0.05.
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new approaches for the treatment of the disease, with specificity in the
axon recovering.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2019.113004.
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