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Clàudia Serrano a,d,3, Alex Vallmitjana d,4, Raúl Benítez d, Janet Hoenicka a,b, 
Jorgina Satrústegui b,c, Francesc Palau a,b,e,f,* 

a Laboratory of Neurogenetics and Molecular Medicine – IPER, Institut de Recerca Sant Joan de Déu, Barcelona, Spain 
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A B S T R A C T   

Ganglioside-induced differentiation associated protein 1 (GDAP1) gene encodes a protein of the mitochondrial 
outer membrane and of the mitochondrial membrane contacts with the endoplasmic reticulum (MAMs) and 
lysosomes. Since mutations in GDAP1 cause Charcot–Marie–Tooth, an inherited motor and sensory neuropathy, 
its function is essential for peripheral nerve physiology. Our previous studies showed structural and functional 
defects in mitochondria and their contacts when GDAP1 is depleted. Nevertheless, the underlying axonal 
pathophysiological events remain unclear. Here, we have used embryonic motor neurons (eMNs) cultures from 
Gdap1 knockout (Gdap1− /− ) mice to investigate in vivo mitochondria and calcium homeostasis in the axons. We 
imaged mitochondrial axonal transport and we found a defective pattern in the Gdap1− /− eMNs. We also 
detected pathological and functional mitochondria membrane abnormalities with a drop in ATP production and 
a deteriorated bioenergetic status. Another consequence of the loss of GDAP1 in the soma and axons of eMNs was 
the in vivo increase calcium levels in both basal conditions and during recovery after neuronal stimulation with 
glutamate. Further, we found that glutamate-stimulation of respiration was lower in Gdap1− /− eMNs showing 
that the basal bioenergetics failure jeopardizes a full respiratory response and prevents a rapid return of calcium 
to basal levels. Together, our results demonstrate that the loss of GDAP1 critically compromises the morphology 
and function of mitochondria and its relationship with calcium homeostasis in the soma and axons, offering 
important insight into the cellular mechanisms associated with axonal degeneration of GDAP1-related CMT 
neuropathies and the relevance that axon length may have.   

1. Introduction 

Charcot-Marie-Tooth (CMT) disease is a genetic neurodegenerative 
disorder of the peripheral nervous system (PNS) characterized by distal 
muscle weakness and atrophy, distal sensory loss and limbs deformities 

(Pareyson et al., 2017). CMT genes mutations cause demyelinating or 
axonal forms of the disease, and the pathogenic mechanisms comprise a 
wide-range of biological processes and pathways that affect motor 
neurons (MNs) in the spinal cord (Rossor et al., 2013). Mutations in the 
Ganglioside-induced differentiation-associated protein 1 gene (GDAP1) 
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cause CMT associated with several phenotypes including autosomal 
recessive demyelinating (CMT4A) (Baxter, 2002), autosomal recessive 
axonal (AR-CMT2K) (Cuesta et al., 2002) and autosomal dominant 
axonal (CMT2K) (Claramunt et al., 2005; Sivera et al., 2010). 

GDAP1 is an atypical transmembrane glutathione S-transferase 
(GST) (Marco et al., 2004) of the mitochondrial outer membrane (MOM) 
(Niemann et al., 2005; Pedrola et al., 2005) and has been described as a 
fission factor regulating mitochondrial dynamics (Niemann et al., 2009). 
GDAP1 is also located in mitochondria-associated membranes (MAMs) 
(Pla-Martin et al., 2013), which are specialized subdomains of mem-
brane contact sites between the ER and mitochondria (Naon and Scor-
rano, 2014). In cellular models, the pathophysiology of GDAP1 includes 
structural defects in mitochondria, the mitochondrial network, ER, 
MAMs (Pla-Martin et al., 2013) and in the membrane contact sites 
(MCSs) between mitochondria and lysosomes (Cantarero et al., 2020). 
The Gdap1 knockout mouse (Gdap1− /− ) shows loss of motor neurons and 
abnormal neuromuscular junctions (Barneo-Munoz et al., 2015), and 
induces an inflammatory response in the spinal cord and sciatic nerve 
(Fernandez-Lizarbe et al., 2019). In addition, GDAP1 depletion causes 
oxidative stress (Niemann et al., 2009; Noack et al., 2012) and failure in 
calcium (Ca2+) signaling associated to store-operated Ca2+ entry (SOCE) 
activity (Barneo-Munoz et al., 2015; Pla-Martin et al., 2013). However, 
very little is known about the axon pathophysiology of the GDAP1- 
related neuropathies. 

Mitochondria provide the energy necessary to support neuronal 
functions and axonal physiology including growth and branching of 
axons and synaptic functions. Proper mitochondrial trafficking within 
the axons is of utmost importance in physiology and disease (Li et al., 
2020). Mitochondrial axonal transport is affected in dorsal root ganglia 
(DRG) neurons expressing mutated forms of the mitochondrial MFN2 
protein in CMT disease (Baloh et al., 2007). On the other hand, clinical 
studies suggest that the length of the nerves is relevant in the patho-
physiology in patients with GDAP1-related CMT (Sevilla et al., 2008). 
Mitochondria also have an impact on Ca2+ signals and homeostasis in 
the cytosol and mitochondria (Brini et al., 2014) especially during and 
after neuronal stimulation for a rapid synaptic recovery and synaptic 
transmission preservation (Devine and Kittler, 2018; Vos et al., 2010). 
Mitochondrial Ca2+ in both the matrix and the intermembrane space is 
important to upregulate mitochondrial function (Denton, 2009; Satrus-
tegui et al., 2007) and maintain adequate ATP production to support 
synaptic function (Satrustegui et al., 2007). Indeed, Ca2+ ions activate 
NADH shuttle systems in the outer face of the inner mitochondrial 
membrane and matrix Krebs cycle dehydrogenases, thereby stimulating 
oxidative phosphorylation in neurons (Denton, 2009; Glancy and Bala-
ban, 2012; Llorente-Folch et al., 2013). 

In this work, we used cultured embryonic motor neurons (eMNs) of 
the spinal cord from a Gdap1− /− mouse to gain an in-depth under-
standing of the mitochondrial and calcium homeostasis defects that 
could cause peripheral axonopathy in this model of disease (Barneo- 
Munoz et al., 2015). We find that the lack of GDAP1 led to a marked 
disruption of axonal mitochondrial transport, impairs mitochondrial 
membrane potential and respiratory chain function, and causes a Ca2+

dyshomeostasis in the soma and axons with an abnormal response of 
eMNs to glutamate. These results help to explain the complex patho-
physiology of GDAP1-related CMT neuropathies and the relevance that 
axon length may have. 

2. Material and methods 

2.1. Animals and embryonic motor neuron primary culture 

Gdap1 knockout (Gdap1− /− ) mice were previously generated and 
characterized in our laboratory (Barneo-Munoz et al., 2015). All the 
animals were kept under controlled temperature (23 ◦C) and humidity 
(60%) on a 12 h light/dark cycle with access to food and water ad 
libitum. Principles of laboratory animal care and the animal facility 

(NIH publication No. 86-23, revised 1985) were followed, as well as the 
current version of the European Union Council guidelines (2010/63/EU) 
and Spanish law (RD 1201/2005). Experimental procedures were 
approved by the Animal Experimental Ethics Committee (CEEA) of the 
University of Barcelona (registration no. C-133/18 [10071], Govern-
ment of Catalonia). The genotype of the mice was confirmed for each of 
the male-female pairing from which the embryos were obtained. eMNs 
cultures were prepared from 13.5 embryonic day (E13.5) mouse spinal 
cord as previously described (Gingras et al., 2007) with some modifi-
cations (Barneo-Munoz et al., 2015). Briefly, mouse embryo spinal cords 
were dissected and the dorsal half removed. Ventral spinal cords were 
dissociated mechanically after trypsin treatment (0.025% trypsin in 
HBSS) and collected afterward under a 4% bovine serum albumin (BSA) 
cushion. The largest cells were isolated by centrifugation (10 min at 
520g) using iodixanol density gradient purification. The collected cells 
were finally suspended in a tube containing eMN complete medium: 
Neurobasal (Life technologies) supplemented with B27 (Life technolo-
gies), 2% horse serum (Life technologies), 1× glutamax (Life technolo-
gies), and a cocktail of recombinant neurotrofins: 1 ng/mL BDNF, 10 ng/ 
mL GDNF, 10 ng/mL CNTF, and 10 ng/mL HGF (PreProtech). Isolated 
eMNs were plated on poly-D-lysine/laminin-coated surfaces as described 
previously (Soler et al., 1998), and grown in a 5% CO2 incubator at 
37 ◦C. Media was changed every 2–3 days and 2 μM AraC (Sigma- 
Aldrich) was added to the culture medium to limit the growth of non- 
neuronal cells. Cultured eMNs were identified by morphological 
criteria. All experiments were performed between DIV3-DIV5, except 
neuronal survival experiments that were done at DIV7. 

2.2. Measurement of mitochondrial axonal transport 

In-vivo mitochondrial movement in eMNs was studied using micro-
fluidic chambers, which are composed of two open culture chambers 
connected by a parallel array of microchannels. The system allows flu-
idic separation of axons from the soma and permits observing mito-
chondrial movement along oriented axons. Microfluidic chambers were 
prepared as previously described (Southam et al., 2013). On the day of 
the experiment, eMNs were loaded with 100 mM MitoTracker Green 
(MTG, mitochondria-specific dye, Thermo Fisher Scientific) for 30 min 
at 37 ◦C in HCSS medium, 2.5 mM glucose, 2 mM Ca2+. 8-bits fluores-
cence images were acquired every 5 s for 150 s in live neuronal imaging 
through 488 nm excitation wavelength using a 20x objective (zoom of 2) 
on a Leica SP2 confocal microscope (Leica Microsystems). 

An automatic image processing pipeline was developed to analyze 
mitochondrial axonal transport from time-lapsed fluorescence micro-
scopy images. The pipeline is described in detail in Vallmitjana et al. 
(Vallmitjana et al., 2017), but here we give a brief description of the 
video tracking algorithm. To remove background noise and smooth 
surfaces for object segmentation, each frame was preprocessed with 
spatial Gaussian filtering with a standard deviation σ = 0.33 um. 
Mitochondria were segmented in each frame using a two-step process. 
Initially, using a custom watershed segmentation algorithm that 
included a stopping rule enforcing a required minimum area and 
normalized intensity of the detected candidates of 1 μm2 and 0.2 μm2, 
respectively. This initial coarse segmentation provided the grounds for a 
more detailed measuring of shape and size for each candidate. Seg-
mentation accuracy was further enhanced by a rule-based merging and 
filtering algorithm that fused over-segmented mitochondria and 
removed spurious objects. A probabilistic feature-based tracking was 
used to identify mitochondrial trajectories. The probabilistic model 
described the position and velocity of each object at a particular frame 
conditional to their properties in previous frames. A maximum-at- 
posterior estimation of the model allowed to establish a temporal 
connection of the segmented mitochondria and determine their trajec-
tories. Subsequent trajectory analysis was applied to correct mis-
allocated points and fix truncated trajectories. As a final stage, feature 
extraction was used to characterize the time-averaged properties of both 
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static objects (area, major axis length, axis length ratio, max pixel in-
tensity) and trajectories (velocity, distance traveled and direction of 
movement -anterograde or retrograde-). 

2.3. Electron microscopy 

For Transmission Electron Microscopy (TEM) eMNs were seeded 
onto poly-D-lysine/laminin-coated Lab-Tek chamber slides (Nalge Nunc 
International) at 6.000 cells/well density, fixed in 2.5% glutaraldehyde 
for 1 h at 37 ◦C and subsequently processed for TEM as previously re-
ported (Voliani et al., 2013). Two non-overlapping regions (16.500 
magnification) containing numerous mitochondria were selected for 
each eMN. For mitochondria morphology analysis, we calculated the 
ratio of mitochondria with lamellar or disorganized (ballooned and 
swollen) cristae to the total number of mitochondria per field. For 
mitochondria-ER contacts analysis, we quantified the number of mito-
chondria displaying close contacts with ER and expressed it relative to 
the total number of mitochondria per field. 

2.4. Measurement of mitochondrial membrane potential (Δψm) 

Mitochondrial membrane potential was measured using the fluo-
rescence probe 5,5′,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzim- 
idazolylcarbocyanine iodide (JC-1), which accumulates in mitochon-
dria depending on the Δψm. eMNs were plated at 12,000 cells/well onto 
12 mm round coverslips. eMNs were load with 3 μM JC1 dye (Thermo 
Fisher Scientific) in HCSS medium, 2.5 mM glucose, 2 mM Ca2+ for 30 
min at 37 ◦C. The emission of JC-1 monomers and aggregates were 
detected in live neuronal imaging through 530–550 nm and 585–650 nm 
emission wavelength ranges respectively. 12-bits fluorescence images 
were acquired in live neuronal imaging using a 20x objective (zoom of 
2.5) on a Leica TCS-SP8 X White Light Laser confocal microscope (Leica 
Microsystems). To quantify Δψm, fluorescence intensity relative to the 
area was measured in neuronal somas with ImageJ 1.51u software (from 
National Institutes of Health) and the fluorescence ratio 590 nm/530 nm 
was expressed. 

2.5. Measurement of cellular oxygen consumption 

Cellular oxygen consumption rate (OCR) was measured using a 
Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience; (Qian 
and Houten, 2010)). eMNs were plated in XF24 V7 cell culture at 40.000 
cells/well and incubated in a 37 ◦C, 5% CO2 incubator. The instrument 
was calibrated the day before the experiment, following the manufac-
turer’s instructions. On the day of the experiment, cultures were pre-
conditioned for 1 h (during the sensor calibration) in HCSS medium 
(120 mM NaCl, 0.8 MgCl2, 25 mM HEPES, 5.4 mM KCl, pH 7.4), 2.5 mM 
glucose, 2 mM Ca2+ and maintained in a 37 ◦C incubator without CO2. 
eMNs were also maintained in the same medium during respirometry 
experiments. Mitochondrial function in eMNs was determined through 
sequential addition of electron transport chain inhibitors: 6 μM oligo-
mycin, 1.6 mM 2,4- dinitrophenol, and 1 μM antimycin A/1 μM rote-
none. OCR was normalized to total protein/well and calculated as OCR- 
OCRA/R to subtract non-mitochondrial respiration. ATP-linked respira-
tion was calculated as OCR-OCRolig. Non-ATP linked oxygen consump-
tion was calculated as OCRolig-OCRA/R. Maximal uncoupled respiration 
was calculated as OCRMUR-OCRA/R. For mitochondrial respiration in 
response to Ca2+− mobilizing agents we used 25 μM glutamate, 250 μM 
carbachol, 100 μM ATP, 25 μM NMDA and 10 μM dantrolene (Sigma- 
Aldrich). 

2.6. Measurement of mitochondrial ATP 

Total intracellular ATP levels were measured using the CellTiter- 
Glo® Luminescent Cell Viability assay kit (Promega), according to the 
manufacturer’s instruction. eMNs were seeded in a 96-well cell culture 

plate at 25,000 cells/well. To specifically quantify the mitochondrial 
ATP levels, some wells were treated with 6 μM oligomycin for 15 min at 
37 ◦C before performing the luminescence experiment, to block oxida-
tive phosphorylation and thus the ATP produced in that process. Mito-
chondrial ATP levels were calculated by subtracting the luminescent 
signal of oligomycin treated eMNs from the luminescence signal of un-
treated eMNs. For the detection of a luminescent signal, CellTiter-Glo 
reagent was added and luminescence was measured in the GloMax® 
Navigator Microplate Luminometer (Promega). 

2.7. Calcium imaging 

Cytosolic Ca2+ ([Ca2+]cyt) imaging was performed with Fura-2 AM 
(cytosolic Ca2+-ratiometric fluorescent dye, Thermo Fisher Scientific) as 
previously described (Ruiz et al., 1998). eMNs were plated at 12,000 
cells/well onto 12 mm round coverslips and loaded with 5 μM Fura-2 
AM and pluronic acid F.127 0.06% (Sigma-Aldrich) for 30 min at 37 ◦C 
in Ca2+-free HCSS medium with 2.5 mM glucose and washed for 30 min 
in HCSS medium, 2 mM CaCl2, 2.5 mM glucose. Loaded cells were 
visualized using a Leica DMI6000 Microscope with a 40x oil-immersion 
objective and images were acquired at 5 s intervals for 5 min. Fura-2 AM 
fluorescence was imaged ratiometrically using alternate excitation at 
340 and 380 nm, and a 510 nm emission filter. Regions of interest (ROIs) 
were selected by morphology taking into account only eMNs. Fluores-
cence emission (510 nm) ratio of Ca2+-free (F380) to Ca2+-free bound 
probe (F340) was analyzed using Metafluor for Leica developed by 
Metamorph (Universal Imaging). [Ca2+]cyt was calculated from ratio 
fluorescence Fura-2 AM measurements following an intracellular cali-
bration procedure according to the Grynkiewicz equation (Grynkiewicz 
et al., 1985). Ca2+-signals during excitatory stimulation were monitored 
following exposure to 25 μM glutamate applied as a bolus 30 s later, 
eMNs were perfused continuously with glutamate-free solution (HCSS 
medium, 2 mM CaCl2, 2.5 mM glucose) using a peristaltic pump for 
additional 4 min to recover basal cytosolic Ca2+ levels. 

2.8. Western blotting 

Cultured eMNs growing in poly-L-lysine and laminin-coated 6-well 
cell culture plate at 600,000 cells/well were lysed in a lysing buffer 
containing: 50 mM Tris- HCl (pH 7.4), 1.5 mM MgCl2, 5 mM EDTA, 1% 
Triton-X100, 50 mM NaF and 1 Mm Na2VO3 supplemented with a pro-
tease inhibitor mixture (Roche Molecular Biochemical). Protein con-
centration was determined using the BCA kit (Pierce). Equal amounts of 
proteins (30 μg) of each sample were loaded onto SDS-polyacrylamide 
gels and transferred to a polyvinylidene fluoride membrane (EMD Mil-
lipore). Membranes were blocked with 5% dried milk or 5% BSA (Sigma- 
Aldrich) for phosphorylated proteins in TBS containing 0.1% Tween-20 
(Sigma-Aldrich) and then incubated overnight at 4 ◦C using the 
following antibodies: α-phospho eIF2α (1:100), α-eIF2α (1:100), α-BIP 
(1:100), α-CHOP (1:250), α-Cleaved Caspase-3 (1:100) from Cell 
Signaling, α-GRP94 (1:1000) from Abcam and α-β-Tubulin III (1:15,000) 
from Sigma-Aldrich. After washing, blots were incubated with a goat 
α-rabbit peroxidase-conjugated IgG or goat α-mouse peroxidase- 
conjugated IgG (1:10,000; Abcam) for 1 h at room temperature. Pro-
teins were processed for chemiluminescence with Amersham ECL Prime 
Western Blotting Detection Reagent and visualized by iBright™ CL1000 
Imaging System (Thermo Fisher Scientific). Bands intensity was 
measured through the total area of the peaks using the AlphaIm-
ager2200 software (Alpha Innotech Corporation). For endoplasmic 
reticulum-stress experiments, neurons were treated with thapsigargin 
(Sigma-Aldrich) 0.1 μM for 18 h. 

2.9. Statistical analysis 

Statistical analysis was performed using the GraphPad Prism 8.0.2 
software (GraphPad Software). The normal distribution of data was 
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calculated with the Kolmogorov-Smirnov normality test. To determine 
significant values between different experimental groups, the mean data 
were compared using unpaired Student’s two-tailed t-test for Gaussian- 
distributed data and non-parametric Mann-Whitney-U test for no 
Gaussian-distributed data. The results were represented as means and 

standard error of the mean (SEM). Significant p-values: *p < 0.05; **p <
0.01; ***p < 0.001 were considered. 

Fig. 1. Loss of GDAP1 disrupts mitochondrial axonal transport in eMNs. (A) Representative images of mitochondria morphology and kymographs showing mito-
chondrial axonal transport in wild-type (WT) and Gdap1− /− eMNs. (B) Mitochondrial morphology analysis revealed that mitochondria length and area were 
increased in Gdap1− /− eMNs compare with WT eMNs. n (mitochondria) = 1896 WT, 1214 Gdap1− /− . (C) Live imaging analysis showed that in the absence of GDAP1 
the percentage of total moving mitochondria is significantly reduced. n (axons) = 38 WT, 30 Gdap1− /− . (D) The percentage of anterograde and retrograde moving 
mitochondria was reduced in Gdap1− /− compared to WT eMNs. n (axons) = 38 WT, 30 Gdap1− /− . (E) The average travel distance was reduced in Gdap1− /− eMNs in 
both anterograde and retrograde transports, but the retrograde travel distance did not reach statistical significance (p = 0.06). (F) Frequency of pauses was only 
reduced in anterograde transport, (G) but no differences were found in pauses duration in either of transports. n (anterograde moving mitochondria) = 155 WT, 40 
Gdap1− /− . n (retrograde moving mitochondria) = 247 WT, 78 Gdap1− /− . (H) Quantification of mitochondria velocity in both anterograde and retrograde movements 
showing that only the retrograde movement velocity was reduced. n (anterograde moving mitochondria) = 155 WT, 40 Gdap1− /− . n (retrograde moving mito-
chondria) = 247 WT, 78 Gdap1− /− . Data are expressed as mean ± SEM from three independent experiments. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Scale bars: 5 μm. 
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3. Results 

3.1. Lack of GDAP1 causes defective mitochondrial axonal transport in 
eMNs 

Efficient mitochondrial transport is of utmost importance in neurons 
to supply mitochondria into synapses where there is a high demand for 
energy and calcium buffering (Lin and Sheng, 2015). To investigate the 
role of GDAP1 in axon mitochondrial physiology, we studied the 
morphology and transport of mitochondria using time-lapse confocal 
live imaging in cultured eMNs of Gdap1− /− and wild-type mice (Fig. 1a, 
Supplementary Videos 1 [KO] and 2 [WT]). In Gdap1− /− eMNs, we 
observed an increase in the length and area of the mitochondria in the 
axons (Fig. 1b), and altered mitochondrial mobility (Fig. 1c). Mito-
chondria mobility and travel distance were reduced in Gdap1− /− eMNs 
in both the anterograde and the retrograde movements (Fig. 1d, e). In 
addition, the frequency of pauses in the movement of mitochondria was 
higher in the anterograde transport in Gdap1− /− eMNs (Fig. 1f). No 
differences were found either in the frequency of pauses in retrograde 
movement (Fig. 1f) or the duration of the pauses in both movements 
(Fig. 1g). We also detected a reduction in the speed of retrograde 
transport in Gdap1− /− eMNs, while no differences were found in that of 
anterograde transport (Fig. 1h). These results indicate that GDAP1 
deficiency causes larger mitochondria in the axons, which show mobility 
defects in both anterograde and retrograde movements. 

3.2. GDAP1 deficiency is associated with ultrastructural abnormalities in 
mitochondrial cristae and defects in mitochondrial bioenergetics 

Previous results in our group demonstrated that Gdap1− /− eMNs 
showed tubular mitochondria with altered cristae morphology (Barneo- 
Munoz et al., 2015). Here we have analyzed more deeply the mito-
chondrial and cristae ultrastructure. The morphology of the mitochon-
dria in Gdap1− /− eMNs was abnormal, either elongated and tubular, or 
large and spherical (Fig. 2a). Quantification of cristae morphology 
revealed a significant increase of mitochondria with disorganized (bal-
looned and swollen) cristae in Gdap1− /− eMNs, compared to wild-type 
eMNs (Fig. 2b). 

Since the disorganization of mitochondrial cristae is associated with 
impaired respiratory efficiency (Cogliati et al., 2013), we wondered if 
the loss of GDAP1 could also affect mitochondrial bioenergetic function. 
First, we analyzed the mitochondrial membrane potential (Δψm) in 
eMNs by using the JC-1 ratiometric probe. We observed a lower Δψm in 
Gdap1− /− compared to the wild-type eMNs (Fig. 2c). Next, we analyzed 
mitochondrial respiration by measuring the oxygen consumption rate 
(OCR) in eMNs using the Seahorse XF-24 analyzer. We found a signifi-
cant decrease in basal mitochondrial respiration as well as in ATP-linked 
respiration in Gdap1− /− eMNs (Fig. 2d, e). No differences were found in 
maximal uncoupled mitochondrial respiration, non-ATP linked respi-
ration (proton leak) and non-mitochondrial respiration (Fig. 2d). To 
calculate ATP levels produced by mitochondrial respiration, we 
measured total intracellular ATP in control conditions or the presence of 
the F1-F0-ATP synthase inhibitor oligomycin. We found that ATP arising 
in mitochondria (i.e, oligomycin sensitive) was significantly reduced in 
Gdap1− /− eMNs (Fig. 2f). However, the maximal respiratory capacity of 
Gdap1− /− eMNs was not changed, suggesting that the respiratory chain 
itself was not grossly compromised. Altogether these results show 
GDAP1 deficiency associates with structural and functional mitochon-
dria membrane abnormalities with a drop in ATP production and a 
deteriorated bioenergetics status in eMNs. 

3.3. Loss of GDAP1 increases intracellular Ca2+, affects 
mitochondria–ER membrane contacts and induces ER-stress 

We further investigated the impact of the lack of GDAP1 in Ca2+

handling in eMNs. Quantification of basal [Ca2+]cyt levels revealed a 

significant increase in Gdap1− /− eMNs (150 nM), when compared to 
wild-type eMNs (80 nM) (Fig. 3a). The normal range of intracellular free 
Ca2+ in resting neurons is 100 nM. The Gdap1− /− eMNs Ca2+ increment 
is reminiscent of that previously observed in GDAP1 knock-down SH- 
SY5Y cells (Pla-Martin et al., 2013). Moreover, Gdap1− /− eMNs 
exhibited axonal swelling and spheroids formation that retained a high 
intra-axonal Ca2+ level (Fig. 3a). 

As GDAP1 is resident at MAMs, silencing GDAP1 reduces 
mitochondria-ER contacts (Pla-Martin et al., 2013) and membrane 
contacts provide a platform for Ca2+ homeostasis (Patergnani et al., 
2011), we examined ER-mitochondria juxtaposition in cultured eMNs. 
We found a decrease in the number of contacts between these organelles 
in Gdap1− /− eMNs (Fig. 3b). We also quantified the expression levels of 
ER stress markers. Under basal conditions, we observed a significant 
increase of phosphorylated eukaryotic initiation factor 2α (eIF2α), 
which is critical in the regulation of protein synthesis during ER stress, 
and the ER chaperones immunoglobulin binding protein BiP and 94 kDa 
glucose-regulated protein (GRP94) in Gdap1− /− eMNs (Fig. 3c). After 
prolonged ER stress induction by thapsigargin treatment of eMNs we 
found a significant increase of C/EBP homologous protein (CHOP) in 
Gdap1− /− eMNs while eIF2α and GRP94 increases were equivalent for 
the two genotypes, likely by a ceiling effect (Fig. 3c). These results 
demonstrate that the loss of GDAP1 induces the increase of Ca2+ levels 
and ER stress in the soma and axons associated with MAMs defects in 
eMNs. 

As the efficient transfer of Ca2+ from ER to mitochondria occurs in 
MAMs (Patergnani et al., 2011) we further investigated the stimulation 
of mitochondrial respiration in response to agents evoking the release of 
ER-Ca2+ in Gdap1− /− eMNs. OCR after treatment with 100 μm ATP 
(Fig. 4a) or 250 μm carbachol (Ccb, Fig. 4b), which mobilize ER-Ca2+

through activation of inositol 1,4,5-triphosphate (IP3)-receptor (IP3R) 
(Majumder et al., 2007; Van Acker et al., 2002), showed a small 
reduction in Gdap1− /− eMNs ( ̴̴ 6 or 1% of basal values, respectively), but 
not significant differences between genotypes were observed (Fig. 4a, 
b), as previously found in brain neurons (Llorente-Folch et al., 2013; 
Rueda et al., 2015). These results indicate that the stimulation of 
mitochondrial respiration, in response to ER-Ca2+ mobilization, is not 
altered in Gdap1− /− eMNs, suggesting that MAMs defects due to GDAP1 
deficiency do not affect stimulation of OXPHOS by ER-Ca2+ mobilizing 
agents, at least in response to these relatively small workloads. 

3.4. Loss of GDAP1 impairs the response to the excitatory 
neurotransmitter glutamate 

Next, we studied in eMNs the response to a more robust Ca2+

workload induced by glutamate, which is the excitatory neurotrans-
mitter of MNs (Ramirez-Jarquin and Tapia, 2018). In eMNs, we 
observed that cytosolic Ca2+ transients elicited by glutamate were much 
larger than those triggered by ER-Ca2+ mobilization, and they returned 
to basal values during glutamate washout (Fig. 5a-f). The comparison 
between Gdap1− /− and wild-type eMNs did not show differences in the 
cytosolic Ca2+ response to glutamate normalized to the initial values nor 
in the amplitude of glutamate-evoked cytosolic Ca2+ transients (Fig. 5a, 
c). However, the half time decay of [Ca2+]cyt to basal levels was 
significantly longer in Gdap1− /− eMNs (P: 3.03 × 10− 8)(Fig. 5a, d). 
Indeed, several Gdap1− /− eMNs were not able to restore their basal 
[Ca2+]cyt levels after excitatory stimulation, maintaining high [Ca2+]cyt 
in soma, axons, and axonal swelling and spheroids (Fig. 5b). 

We then investigated glutamate-induced stimulation of respiration. 
This agonist acts on various receptor types (Ramirez-Jarquin and Tapia, 
2018) and induces a potent increase in workload mainly due to the entry 
of Na+ (Llorente-Folch et al., 2016; Rueda et al., 2015). Consistent with 
the larger workload, the increase in respiration, about 75%, over basal 
values (Fig. 5e, f), is much more pronounced than that induced by ATP 
or CCh (Fig. 4). Despite similar glutamate-induced increases in [Ca2+]cyt 
in Gdap1− /− or wild-type eMNs, glutamate-stimulation of respiration 

A. Civera-Tregón et al.                                                                                                                                                                                                                         



Neurobiology of Disease 152 (2021) 105300

6

(caption on next page) 

A. Civera-Tregón et al.                                                                                                                                                                                                                         



Neurobiology of Disease 152 (2021) 105300

7

was lower in Gdap1− /− eMNs (Fig. 5e, f). These results show that the 
basal bioenergetics failure (Fig. 2) jeopardizes a full respiratory response 
to the large workload induced by glutamate, and prevents a rapid return 
of [Ca2+]cyt to basal levels during glutamate washout. 

The Ca2+ signals elicited in response to glutamate mainly arise from 
calcium entry along with ionotropic glutamate receptors but also ER- 
Ca2+, via Ca2+-induced Ca2+ activation ryanodine receptors (RyR) 
(Meissner, 2002). To analyze whether GDAP1 deficiency affected the 
respiratory response to ER-Ca2+ release via RyR, we employed N- 
methyl-D-aspartate (NMDA), as activation of NMDA receptors results in 
Ca2+-induced Ca2+-release from RyR (Ruiz et al., 2009). The involve-
ment of RyR in the response to NMDA was determined by treatment with 
dantrolene, a specific inhibitor of RyR (Ruiz et al., 2009). Fig. 5, panels g 
and h, show that NMDA-induced OCR stimulation decreased by expo-
sure to dandrolene, indicating the participation of Ca2+-induced Ca2+

release via RyR, both in wild-type and Gdap1− /− eMNs. RyR-dependent 
OCR stimulation was calculated from the difference between NMDA- 
stimulation of OCR in the absence or presence of dantrolene (Fig. 5g). 
We did not observe any difference between wild-type and Gdap1− /−

eMNs. 
These results rule out a specific involvement of ER-to-mitochondria 

Ca2+ signaling in the deficient respiratory responses to glutamate ago-
nists in Gdap1− /− eMNs. Rather, the bioenergetics failure revealed from 
the lower basal OCR in GDAP1-deficient eMNs points to a general 
impairment of the respiratory response to high workloads as imposed by 
glutamate. The positioning of mitochondria away from the cell body at 
sites where an intense stimulation of ATP production by OXPHOS is 
required (PMCA and Na+ pumps in the plasma membrane), appears to 
be perturbed in GDAP1 deficiency due to the defects in mitochondrial 
movement, contributing to this impairment. 

4. Discussion 

Here we report that the absence of GDAP1 in cultured murine eMNs 
causes morphological and functional mitochondria defects which could 
explain GDAP1-related CMT axonopathy. We previously described that 
GDAP1 is located at MAMs and the mitochondria–ER–plasmatic mem-
brane contacts (Ca2+ microdomains), and that membrane contact sites 
are affected by GDAP1 depletion (Barneo-Munoz et al., 2015; Pla-Martin 
et al., 2013). Now we found there is defective mitochondrial trafficking 
associated with a notable energetic impairment and abnormal Ca2+

handling that correlate with abnormal glutamate response and presyn-
aptic dysfunction in eMNs. 

Mitochondria defective in GDAP1 showed movement reduction and 
changes in both anterograde and retrograde traffic, which could 
compromise this organelle to reach the synaptic terminal and be back to 
the soma, respectively. The mitochondrial movement was slower in 
retrograde transport but more interrupted and paused in anterograde 
transport in Gdap1− /− axons. Mitochondria pausing in anterograde 
transport has been previously observed in another model of Gdap1-null 
mice (Niemann et al., 2014). The molecular mechanism for pausing is 
related to the elevation of cytosolic Ca2+ (Saotome et al., 2008), a 

phenomenon that we have observed in the Gdap1− /− eMNs. Our results 
also showed a clear effect of GDAP1 absence on the mitochondrial 
morphology. Gdap1− /− eMNs showed elongated mitochondria and 
mitochondrial spheroids formation, which are two morphological pat-
terns of mitochondrial decline by fission defects (Ishihara et al., 2009; 
Wakabayashi et al., 2009). We also observed in Gdap1− /− eMNs ultra-
structure defects of the mitochondrial cristae that are known to affect 
mitochondrial function and bioenergetics capacity (Cogliati et al., 
2013). Indeed, we have detected a global mitochondrial bioenergetic 
dysfunction in Gdap1− /− eMNs with a reduction in mitochondrial 
membrane potential, basal mitochondrial respiration and mitochondrial 
respiration linked to ATP synthesis, which affects mitochondrial ATP 
synthesis. These findings are in agreement with both bioenergetics de-
fects in the peripheral nerves of our Gdap1− /− mice (Barneo-Munoz 
et al., 2015), and decreased respiratory chain complex I activity (Cas-
sereau et al., 2011) and reduced mitochondrial membrane potential 
(Noack et al., 2012) in fibroblasts from CMT-GDAP1 patients. The 
reduction of mitochondrial fission could also impair mitochondrial 
bioenergetics through the accumulation of oxidative damage that affects 
morphology and decreased respiratory functions (Kageyama et al., 
2012). Moreover, in Gdap1− /− eMNs we have recently shown an excess 
of reactive oxygen species (ROS) and mitochondrial superoxide (Fer-
nandez-Lizarbe et al., 2019), which agree with the oxidative stress 
previously suggested in patients’ fibroblasts (Noack et al., 2012), mouse 
(Niemann et al., 2014) and Drosophila (Lopez Del Amo et al., 2015). 

In this study, we also found high intra-axonal Ca2+ levels in Gdap1− / 

− eMNs, which could affect the mitochondrial axonal transport. In-
creases in resting [Ca2+]cyt in neurons occur in physiological aging and 
pathological conditions (Jiang et al., 2012; Woolums et al., 2020). This 
scenario could lead to a decrease in healthy mitochondria and the 
accumulation of damaged mitochondria, which could affect the proper 
location of the organelle in distal high metabolic demanding regions, 
compromising synaptic function and therefore axonal integrity. This 
hypothesis may explain, at least in part, why the distal portions of the 
peripheral nerves are principally affected in CMT disease involving 
GDAP1 mutations (Sevilla et al., 2008). Other parameters apart from 
high Ca2+ levels and mitochondrial size could disrupt mitochondria 
axonal transport. Previous results showed that GDAP1 α-loop domain 
interacts with β-tubulin, and recessive GDAP1 mutations inside this 
α-loop induce abnormal mitochondrial localization but do not have any 
effect on mitochondrial fission (Gonzalez-Sanchez et al., 2017; Niemann 
et al., 2005). These findings suggest that lack of GDAP1 could interfere 
in mitochondrial anchoring to microtubules leading to defective mito-
chondrial axonal transport, as it has been similarly reported in MFN2 
mutations (Singaravelu et al., 2011). In addition, ATP decrease detected 
in Gdap1− /− eMNs could also be affecting mitochondrial mobility (Zala 
et al., 2013). Thus, multiple pathological processes might be contrib-
uting to the defective mitochondrial transport in Gdap1− /− axons 
causing a synaptic dysfunction, which may be a common pathophysio-
logical process in CMT since it has also been described in other CMT 
neuropathies (Pareyson et al., 2015). 

The absence of GDAP1 may have a strong effect on the physiology of 

Fig. 2. GDAP1-deficient eMNs showed mitochondrial morphology and ultrastructure and impaired mitochondrial bioenergetic function. (A) Representative low- 
magnification (a, b) and high-magnification (c, d) electron transmission microscopy images of mitochondria in WT (a, c) and Gdap1− /− (b, d) eMNs. Gdap1− /−

eMNs showed elongated tubular mitochondria (arrow in b) and enlarger spherical mitochondria (arrowheads in b) with disrupted cristae. (B) Quantification of cristae 
morphology in control and Gdap1− /− MNs. Approximately 30% of mitochondria exhibited disorganized cristae in Gdap1− /− MNs compared to 8% mitochondria in 
WT MNs. 60 eMNs were analyzed per genotype from three independent experiments. Scale bars: 1 μm (a, b) and 200 nm (c, d). (C) The panel shows representative 
images of mitochondrial membrane potential (Δψm) staining of JC-1 in eMNs. Red (590 nm) and green (530 nm) fluorescence indicate high and low Δψm, 
respectively. Quantitative analysis of JC-1 fluorescence intensity (red/green ratio) revealed a reduction of Δψm in Gdap1− /− eMNs. 251 WT and 215 Gdap1− /− eMNs 
were measured from three independent experiments. Scale bars: 10 μm. (D) Oxygen consumption rate (OCR) profile in WT and Gdap1− /− eMNs showing the 
sequential injection of metabolic inhibitors: 6 μM oligomycin (Olig), 1.6 mM 2,4-dinitrophenol (DNP) and 1 μM antimycin A/1 μM rotenone (A/R) at different time 
points (indicated by dashed lines), which allows the determination of basal oxygen consumption, oxygen consumption linked to ATP synthesis, non-ATP linked 
oxygen consumption (proton leak), maximal mitochondrial uncoupled respiration and non-mitochondrial respiration. (E) Quantification of basal mitochondrial OCR 
and ATP-linked OCR, which were significantly reduced in Gdap1− /− eMNs. (F) Quantification of ATP levels produced by mitochondrial respiration showing reduced 
levels in Gdap1− /− eMNs. Results are expressed as mean ± SEM of three different experiments. *p ≤ 0.05, ***p ≤ 0.001. RLU, relative luminescence units. 
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eMNs in the Gdap1− /− mouse by (i) significant increase in [Ca2+]cyt 
levels in eMNs, which are cells especially sensitive to an excessive influx 
of Ca2+ as they express low level of Ca2+ buffer proteins (Van Den Bosch 
et al., 2006), and (ii) high levels of Ca2+–permeable α-amino-5-methyl- 
3-hydroxisoxazolone-4-propionate (AMPA) receptors lacking the GluR2 

subunit which makes them vulnerable to excitotoxicity (Williams et al., 
1997). In Gdap1− /− eMNs, the cytosolic Ca2+ transient amplitude during 
glutamate-evoked physiological stimulation was not altered. However, 
Ca2+ clearance after neuronal stimulation was slower in Gdap1− /−

eMNs, which might be a consequence of a defective Ca2+ buffering 

Fig. 3. Deficiency of GDAP1 increases [Ca2+]cyt, reduces mitochondria-ER contacts and induces ER-stress in eMNs. (A) [Ca2+]cyt determined by Fura-2 AM ratio 
imaging was significantly higher in Gdap1− /− eMNs than in WT MNs. Gdap1− /− eMNs showed axonal spheroids contained high Ca2+ levels (arrowheads). 369 WT 
and 456 Gdap1− /− eMNs were analyzed from five independent experiments. (B) Representative electron transmission microscopy images of ER-mitochondria 
contacts in WT and Gdap1− /− eMNs. Arrowheads indicate ER, M indicates mitochondria and asterisk indicates mitochondria in contact with ER. (C) Quantifica-
tion of mitochondria-ER contacts percentage in WT and Gdap1− /− eMNs showed a reduction of these contacts in the absence of GDAP1. 100 WT and Gdap1− /− eMNs 
were analyzed from three independent experiments. (D) Immunodetection and (E) densitometric quantifications of phosphorylated eIF2α (p-eIF2α), eIF2α, BiP, 
GRP94 and CHOP in wild-type and Gdap1− /− eMNs untreated and treated with 0.1 μm thapsigargin (Tg) for 18 h. Densitometry of bands expressed relative to 
controls (100%) show significantly increased levels of p-eIF2α, BiP and GRP94 in Gdap1− /− eMNs untreated. No significant differences between them were observed 
after Tg treatment (p-eIF2α, p = 0.16; BiP, p = 0.8; GRP94, p = 0.27), but CHOP expression was significantly higher in Gdap1− /− than wild-type eMNs treated. Results 
are from four independent experiments. Data are expressed as mean ± SEM. *p < 0.05; ***p < 0.001. Scale bars: 200 nm. 
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ability in GDAP1-lacking mitochondria, or deficient Ca2+ extrusion. 
These findings are also supported by the reduction in glutamate- 
stimulated mitochondrial respiration that we found in Gdap1− /− MNs, 
since the respiratory response to the high workload imposed by this 
neurotransmitter is regulated by Ca2+ (Llorente-Folch et al., 2016; 
Rueda et al., 2016). Importantly, this diminished Ca2+ dependent- 
mitochondrial respiration could lead to a reduction of mitochondrial 
ATP production during synaptic transmission, which is known to be 
essential for the regulation of synaptic activity (Vos et al., 2010). The 
calmodulin (CaM)-activated plasma membrane Ca2+-ATPase or PMCA is 
the major high affinity, low-capacity Ca2+ extrusion system at the 
plasma membrane, and decreases in its activity account for increases in 
resting [Ca2+]cyt (Jiang et al., 2012). Thus, the fall in ATP levels found in 
Gdap1− /− eMNs may limit PMCA activity and underlie their increase in 
[Ca2+]cyt. Since Ca2+ ions also regulate the neurotransmission process 
(Medler and Gleason, 2002; Vos et al., 2010), we propose that the de-
fects in Ca2+ handling and mitochondrial ATP production observed in 
Gdap1− /− eMNs could eventually dysregulate neurotransmitter release 
and, consequently, synaptic transmission in GDAP1-associated CMT 
disease. 

Several reasons suggest that mitochondrial Ca2+ buffering after 
physiological glutamate stimulation is impaired in GDAP1-deficient 
MNs. One possible explanation would be that the depolarization of 
mitochondria impairs the ability of these organelles to sequester excess 
Ca2+, which, in turn, may expose cytosol to higher Ca2+ concentrations 
after excitatory stimulation. Pharmacological depolarization of mito-
chondria results in a marked slowing of cytosolic Ca2+ recovery after 
electrical stimulation in DRG neurons (Shutov et al., 2013). On the other 
hand, the defective axonal mitochondrial movement found in Gdap1− /−

eMNs might affect the correct mitochondrial localization at synaptic 
terminals, where there would be a reduced pool of mitochondria to deal 
with Ca2+ clearance during neuronal stimulation. Accordingly, it has 
been shown that the absence of mitochondrial in axon terminals dras-
tically alters Ca2+ transients and reduces ATP supplies, leading to an 
aberrant synaptic transmission (Ma et al., 2009; Stowers et al., 2002). 
Therefore, based on these results, it could be proposed that the 
impairment in Ca2+ signaling during neuronal stimulation in Gdap1− /−

eMNs could disrupt neurotransmission at the neuromuscular junction 
leading to synaptic dysfunction and resulting in axonal degeneration. 

This hypothesis is supported by the abnormalities in neuromuscular 
junction structures we have previously observed in the Gdap1− /− mice 
(Barneo-Munoz et al., 2015). 

In addition to altering mitochondrial transport and function, GDAP1 
deficiency also disrupts the relationship between mitochondria and ER. 
We have observed loss of contacts between both organelles in the 
absence of GDAP1, as previously documented in other GDAP1-lacking 
models (Lopez Del Amo et al., 2017; Pla-Martin et al., 2013) as well as 
an increase in ER stress activation. Accordingly, the deletion/mutation 
of other MAMs protein-coding genes have been shown to disrupt ER- 
mitochondria interactions and induce ER-stress (Berthet et al., 2014; 
de Brito and Scorrano, 2008). Moreover, the reduction in ER- 
mitochondria contacts could also be altering the regulation of mito-
chondrial dynamics in GDAP1-deficient MNs, since ER tubules are 
involved in marking the sites of mitochondrial fission (Friedman et al., 
2011). Thus, since GDAP1 does not seem to be a canonical fission pro-
tein (Niemann et al., 2005), GDAP1 might regulate mitochondrial fission 
by promoting or modulating the formation of ER-mitochondria contacts. 

Besides participation in mitochondrial morphology, MAMs also play 
a key role in mitochondrial bioenergetics by regulating Ca2+ exchange 
between both organelles. The close apposition of the ER with mito-
chondria is crucial to mediate a correct Ca2+ transfer from ER to mito-
chondria, which is required for efficient mitochondrial respiration and 
ATP production (Patergnani et al., 2011). However, although GDAP1 
deficiency produced the loss of ER-mitochondria contacts, mitochon-
drial respiration in response to ER-Ca2+ release was not affected, sug-
gesting that mitochondrial Ca2+ handling of ER-Ca2+ is not altered. In 
agreement with our results in eMNs, no differences were found in 
mitochondrial Ca2+ uptake in response to ER-Ca2+ mobilization in 
GDAP1-silenced cells (Pla-Martin et al., 2013). Altogether, these find-
ings suggest that the mitochondrial bioenergetic dysfunction found in 
Gdap1− /− eMNs is mainly associated with mitochondrial morphology 
and functional abnormalities and not with the ER-mitochondrial 
uncoupling. 

In conclusion, we provide evidence of the key role of GDAP1 in 
maintaining proper mitochondrial function and its consequences for the 
correct neuronal and axonal physiology. We propose that defects in the 
mitochondrial movement across the axon, bioenergetics and Ca2+

handling affect important functions in the axonal and synaptic biology 

Fig. 4. OCR in response to ER-Ca2+ release is not affected in GDAP1-deficient MNs. Profile of ER-Ca2-stimulation of mitochondrial respiration and quantification of 
OCR stimulation. Oxygen consumption rate expressed as a percentage of OCR after the addition of (A) 250 μM Carbachol (Cch) and (B) 100 μM ATP in the absence 
and presence of 10 μM dantrolene. Data are expressed as mean ± SEM from three independent experiments. 
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Fig. 5. Loss of GDAP1 affects Ca2+ handling and respiration in response to glutamate. (A) Glutamate-evoked cytosolic Ca2+ transient monitored by Fura-2 AM ratio 
imaging in WT and Gdap1− /− eMNs. (B) Images of [Ca2+]cyt determined by Fura-2 AM ratio in eMNs of both genotypes after glutamate treatment and washout. (C) No 
significant difference was found in the amplitude of Ca2+ transient (p = 0.08), (D) but the half time decay of Ca2+ transient (50% of return to basal level) was longer 
in Gdap1− /− eMNs. Some Gdap1− /− eMNs maintained high cytosolic Ca2+ levels after glutamate stimulation (arrows). 112 WT and 107 Gdap1− /− eMNs were 
analyzed from three independent experiments. (E) Profile of glutamate-stimulation of mitochondrial respiration. Oxygen consumption rate is expressed as a per-
centage of OCR after glutamate addition. (F) Quantification of % OCR stimulation showed that OCR response to glutamate was lower in Gdap1− /− than in WT eMNs. 
Results are from five independent experiments. Data are expressed as mean ± SEM. *p ≤ 0.05, ***p ≤ 0.001. Scale bar: 20 μm. (G) Effect of dandrolene on NMDA- 
stimulation of mitochondrial respiration. Neurons were incubated with or without 10 μM dandrolene and 25 μM NMDA was added as indicated. (H) Quantification 
dandrelene-sensitive NMDA-stimulatiom of OCR as the difference between OCR stimulation in the absence or presence of 10 μM dandrolene. Data are expressed as 
mean ± SEM from three independent experiments. *p ≤ 0.05, ***p ≤ 0.001. Scale bar: 20 μm. 
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as major pathogenic mechanisms in the pathophysiology of GDAP1- 
related CMT, which open new cellular and molecular druggable targets 
in genetic neuropathies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2021.105300. 
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