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ABSTRACT 

Charcot-Marie-Tooth disease type 1A (CMT1A) is an inherited neuropathy of the peripheral nervous 

system. Symptoms include distal muscle weakness and atrophy, as well as sensory loss. Currently, no 

therapies for CMT1A are available. CMT1A is characterized by Schwann cell (SC) dedifferentiation 

and demyelination. The differentiation of SCs to the myelinating phenotype and the subsequent 

myelination process are positively regulated by cAMP. Therefore, we hypothesized that elevating 

intracellular cAMP levels by inhibiting PDE4D, a main cAMP-hydrolyzing enzyme in SCs, can 

stimulate SC differentiation, myelination and subsequent functional repair in the C3-PMP22 mouse 

model. Primary SCs were treated with 3 different inhibitors (GEBR-32a, BPN14770 and Roflumilast) 

and their differentiation to the myelinating phenotype was investigated by assessing gene expression 

of several SC differentiation markers by qPCR, as well as the protein levels of several markers using 

immunocytochemistry. These experiments were inconclusive due to a sample size of 1 and need to be 

repeated. Secondly, the therapeutic potential of PDE4D inhibitor GEBR-32a was evaluated in vivo. 

Mice were injected with 0.3 mg/kg GEBR-32a twice per day for 7 weeks, and motor function was 

assessed using several behavioral assays before treatment as well as during treatment. Here, we found 

that GEBR-32a treatment significantly improves endurance, balance and coordination in C3-PMP22 

mice. Furthermore, electrophysiological recordings showed a significant increase in nerve conduction 

speed, indicating a boost in myelination. In conclusion, these findings indicate a very promising 

therapeutic potential of PDE4D inhibition in CMT1A, although the exact molecular mechanisms 

need to be evaluated in vitro.  

 

INTRODUCTION 

Charcot-Marie-Tooth disease (CMT) is the 

most common inherited neuropathy of the 

peripheral nervous system (PNS), affecting about 1 

in 2500 individuals globally (1). There are several 

subclasses of the disease, based on 

electrophysiological aberrations (axonal, 

demyelinating, intermediate) and different patterns 

of inheritance (autosomal dominant, autosomal 

recessive, X-linked) (2). The most common group  

 

 

of CMT cases are the autosomal dominant 

demyelinating type or type 1. Other types include 

autosomal dominant axonal (CMT2), autosomal 

recessive (CMT4), and X-linked intermediate 

(CMTX) (3). Approximately 60% of all genetically 

confirmed CMT cases are caused by an autosomal 

dominant duplication of the PMP22 gene, resulting 

in demyelinating neuropathy. This class is termed 

CMT type 1A (CMT1A) (3).  Clinical symptoms of 
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CMT1A mainly start in the first two decades of life. 

These include muscle weakness and atrophy, as 

well as sensory loss. Overall, the legs are more 

frequently and more severely affected than the 

upper body. Hand and arm weakness can occur but 

lags behind the development of leg and foot 

weakness. The hallmark features of CMT1A are 

foot deformities due to distal muscle weakness, 

more specifically pes cavus (high arches) and 

hammertoes. Generally, 1 – 7 % of patients become 

wheelchair dependent (2, 4). Currently, there is no 

effective therapy for CMT1A (2). 

On the cellular level, CMT1A is characterized by 

demyelination, meaning loss or disruption of the 

myelin sheath. In the peripheral nerve, the myelin 

sheath is produced by Schwann cells (SCs) by 

wrapping of their cell membrane around the axon in 

a tightly regulated manner. This lipid-rich structure 

acts as an electrical insulator. Two adjacent 

segments of myelin are separated by nodes of 

Ranvier. In this region, the axon is not covered by 

myelin. In an unmyelinated axon, an electrical 

impulse is propagated by local circuits of ion flow 

between the axonal membrane and extracellular 

space, which depolarize the adjacent regions of 

membrane in a continuous, sequential fashion. In 

contrast, in a myelinated axon, the axonal 

membrane is only exposed to the extracellular 

space at the nodes of Ranvier. Due to the high 

resistance of the myelin sheath, the generated 

circuit cannot flow through it, and therefore flows 

to and depolarizes the membrane at the next node. 

Due to the low capacitance of the myelin sheath, 

little energy is required to depolarize the membrane 

between nodes, which together with the “jumping” 

of the excitation of the membrane results in much 

more rapid impulse conduction (5). Hence, failure 

of myelin production and maintenance results in 

impairment of electrical conduction, leading to 

clinical symptoms mostly consisting of loss of 

motor function and sensation, as is seen in diseases 

such as multiple sclerosis, leukodystrophies, and 

CMT (6). 

Furthermore, the other significant process observed 

in CMT1A is SC dedifferentiation. SCs are one of 

the few examples of somatic cells retaining 

dedifferentiation capacity, meaning they can revert 

to an immature, proliferative, non-myelinating state 

(7). In general, this happens mainly in response to 

acute nerve injury, where SCs lose their 

myelinating phenotype in order to proliferate and 

secrete factors that protect the axon against further 

damage and promote axon regeneration (7, 8). 

However, the dedifferentiation to these “repair 

cells” also occurs in chronic demyelinating 

disorders, including CMT. It is hypothesized that 

this is a defense mechanism to protect the neuron 

against secondary damage in chronic neuropathies, 

but the exact cause and mechanisms remain elusive 

(8).  

On the molecular level, CMT1A is caused by a 

heterozygous 1.4 MB duplication of chromosome 

segment 17p11.2, containing the PMP22 gene. This 

duplication leads to overexpression of PMP22,  

which was found to be the sole driver of 

demyelinating neuropathy. However, the exact 

mechanisms behind PMP22 overexpression 

causing neuropathy remain unknown (2, 4). PMP22 

is an integral membrane protein of peripheral 

myelin, playing an essential role in SC physiology. 

A particularly important function of PMP22 is the 

protection of nerve fibers against mechanical 

compression, which can interrupt impulse 

conduction (9). This function of PMP22 becomes 

apparent in hereditary neuropathy with liability to 

pressure palsies (HNPP), where one copy of 

PMP22 is deleted. This disorder is characterized by 

conduction block due to nerve compression. 

However, the overall physiological roles of PMP22 

remain largely unknown (10). 

In the context of CMT1A, overexpression of 

PMP22 disrupts a wide range of physiological 

processes in SCs. Overexpression of PMP22 was 

shown to reduce cholesterol and lipid biosynthesis, 

which has a substantial effect on myelination (11, 

12). Moreover, PMP22 overexpression increases 

Ca2+ influx in SCs by augmenting the expression of 

the purinoceptor P2X7. This increased influx was 

shown to have a pathogenic connection to aberrant 

myelination (13). Another hypothesis is that 

PMP22 overexpression increases the number of 

misfolded proteins, and this may overwhelm the 

protein degradation system (14). It is likely an 

accumulation of effects that ultimately results in 

loss of the myelinating capacity of SCs. 

Proliferating SC precursors require axonal signals 

to exit the cell cycle and differentiate to the 

myelinating phenotype in vivo. Neuregulin (NRG) 

in particular, an axonal membrane protein, plays a 

critical role in this process by activating the 

MEK/ERK and AKT pathways in SCs, ultimately 

stimulating myelination (6, 15). The second 



                           Senior internship- 2nd master BMW 

 

3 
 

messenger molecule cyclic adenosine 

monophosphate (cAMP) enhances the effect of 

NRG by synergistically increasing the activation of 

MEK/ERK and AKT (16). Additionally, the onset 

and progression of myelination are directly 

dependent on the balance between positive and 

negative transcriptional regulators. The master 

positive regulator of myelination is Krox-20/Egr-2. 

On the other hand, the main negative regulator is c-

Jun, which inhibits myelination and stimulates 

dedifferentiation (17). cAMP activates the Protein 

Kinase A (PKA) and Exchange Protein Activated 

by cAMP (EPAC) pathways and was observed to 

directly increase the Krox-20 to c-Jun ratio in SC in 

vitro (15). Thus, in combination with extracellular 

signals, cAMP is a potent stimulator of SC 

differentiation and is required for the myelination 

program (15, 18-20). 

cAMP signaling is regulated positively by adenylyl 

cyclase (AC) and negatively by phosphodiesterases 

(PDEs). So far, the G-protein-coupled receptor 126 

(GPR126), which is activated by various ECM 

proteins, is the only known receptor to drive SC 

differentiation through AC activation and 

subsequent cAMP elevation (21). On the other 

hand, PDEs are a family of hydrolases that control 

the intracellular levels of cAMP and cGMP by 

degrading them. They are the only known 

terminators of cyclic nucleotide signals (22). PDE4, 

a subfamily of PDEs, is the most important PDE 

selectively hydrolyzing cAMP. It is highly 

expressed in immune and neural cells, including 

glia. PDE4 inhibitors have been widely investigated 

as therapeutic compounds to treat inflammatory 

diseases (22). Recently, progress has been made in 

using PDE4 inhibitors to promote remyelination in 

multiple sclerosis (MS). Treatment of rats with the 

PDE4 inhibitor Rolipram resulted in enhanced 

remyelination after ethidium bromide-induced 

demyelination (23). However, Rolipram was shown 

to induce unwanted side effects including emesis, 

hindering clinical use (24, 25). Therefore, 

development of isoform-specific inhibitors 

commenced (24). PDE4 consists of 4 isoforms: 

PDE4A, -B, -C and -D, from which PDE4D is 

prominent in SCs (26). Over the past years, PDE4D 

has emerged as a viable target for drug development 

against cognitive deficits, where cAMP also plays 

a pivotal role (25). Selective PDE4D inhibitors 

showed a higher therapeutic index than general 

PDE4 inhibitors such as Rolipram, generating the 

desired effects at doses devoid of unwanted side 

effects (27). Recently, a novel PDE4D selective 

inhibitor was developed, named GEBR-32a. This 

compound showed great therapeutic potential in the 

context of cognition enhancement by possessing a 

favorable toxicological and pharmacokinetic 

profile and potently increasing intracellular cAMP 

levels (24). 

In this study, we investigated whether PDE4D 

inhibition by GEBR-32a can induce SC 

differentiation and remyelination in CMT1A. We 

hypothesized that inhibition of PDE4D enhances 

remyelination and promotes SC redifferentiation in 

primary CMT1A SCs in vitro, in conjunction with 

improving motor function in a CMT1A mouse 

model. Here, the C3-PMP22 mouse model was 

used, which expresses 3 to 4 copies of the human 

PMP22 gene and shows the same symptoms as 

human patients (28). 

 

EXPERIMENTAL PROCEDURES 

Primary Schwann cell isolation, 

cryopreservation and cell culture – Schwann cells 

were isolated from 6 week-old and 1-year-old wild 

type (WT) and C3-PMP22 mice as described in 

Andersen et al. 2018 (29). Both sciatic nerves and 

brachial plexuses were isolated for Schwann cell 

harvest. Briefly, after enzymatic digestion with 

collagenase I and dispase II (Millipore, Burlington, 

USA), cell suspensions were drop plated in a petri 

dish. After a stable culture was established, cells 

were sorted using Fluorescence-Activated Cell 

Sorting (FACS), based on p75 positivity to separate 

Schwann cells (p75+) from fibroblasts (p75-) 

(Suppl. Fig. 1). The primary antibody used was 

Rabbit anti-p75 (Cell Signaling Technologies, 

Danvers, USA).  Cells were kept in culture in 

DMEM (D6429, Sigma Life Science, Saint Louis, 

USA) supplemented with 10 % Fetal Bovine 

Serum, 1% penicillin/streptomycin, 10 mM 

Forskolin, 200µg/ml Neuregulin and 50µg/ml 

PDGF. Cells were regularly passaged. 

In vitro PDE4 inhibitor treatment – Primary 

Schwann cells were treated with either 1 µM 

GEBR-32a, 1µM BPN14770, 1µM Roflumilast or 

vehicle control (DMSO). Treatment started one day 

after seeding with a full medium change to DMEM 

containing the appropriate treatment. Two more 

50% medium change were performed every 2 days, 

with sample collection on day 7. 
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RNA isolation and Quantitative PCR – 

Schwann cells were seeded in a 24-well plate at an 

initial density of 25*103 cells/well. After the 

treatment period, cells were lysed using Qiazol® 

Lysis Reagent (Qiagen, Netherlands). Lysates were 

stored at -80°C until further use. Total RNA was 

extracted by phase separation using chloroform, 

followed by precipitating total RNA from the water 

phase using glycogen and 2-isopropanol. Finally, 

RNA was washed several times using 75% ethanol 

and suspended in RNA-free water. RNA purity and 

concentration were determined using a NanoDrop® 

spectrophotometer (Isogen Life Science, Utrecht, 

Netherlands). Lastly, RNA was reverse transcribed 

to cDNA at a final concentration of 5 ng/µl by PCR 

using the QscriptTM cDNA synthesis kit (Quanta 

Biosciences, Gaithersburg, USA) according to the 

manufacturer’s protocol and stored at -20°C until 

further use.  qPCR was conducted using Fast 

SYBRTM Green Master Mix on the StepOnePlus 

instrument (Applied Biosystems, Foster City, 

USA). Relative quantification of gene expression 

was performed using the comparative Ct method. 

Data were normalized to the most stable reference 

genes. The used primers are listed in 

Supplementary Table 1. All primers were 

purchased from Integrated DNA Technologies 

(Leuven, Belgium). 

Immunocytochemistry – Cells were seeded on 

glass coverslips at an initial density of 10*103 

cells/coverslip. After the treatment period, cells 

were washed with PBS and fixed using 4% 

paraformaldehyde in PBS for 15 min.  Cells were 

kept on PBS at 4°C until further use. Samples were 

permeabilized using 0,1% Triton X-100 for 15 min 

and blocked using Dako Protein Block (Dako, 

Carpinteria, USA) for 45 min, followed by primary 

antibody incubation (1:400 dilution) for 2h at room 

temperature or overnight at 4°C. The primary 

antibodies used are listed as the following: Rat anti-

MPB (Merck Millipore, Germany), Rabbit anti-

MPZ, Rabbit anti-c-Jun, Rabbit anti-Krox-20, 

Mouse anti-GFAP and Rabbit anti-SOX2 (Abcam, 

Cambridge, UK). After washing with PBS, 

secondary antibody incubation was performed for 

1h (1:400 dilution). The secondary antibodies used 

are listed as the following: Alexa Fluor 488 donkey 

anti-Mouse, Alexa Fluor 555 donkey anti-rabbit, 

Alexa Fluor 488 Goat-anti-Rat and Alexa Fluor 555 

Donkey anti-Mouse (Invitrogen, Carlsbad, USA). 

Nucleus staining was performed using 4′,6-

diamidino-2-phenylindole (DAPI) for 10 min. All 

samples were visualized using a Leica DM4000 B 

LED automated upright microscope with Leica 

LAS X Life Science microscope software. The 

Leica DFC 450 C CCD camera was used for 

imaging (Leica, Wetzlar, Germany). Images were 

analyzed using ImageJ software. 

Animals and in vivo study setup – All animal 

procedures were performed in accordance with 

institutional guidelines and approved by the ethical 

committee for animal experiments of Hasselt 

University. C3-PMP22 mice were kindly provided 

by Prof. Dr. Frank Baas (Amsterdam University) 

(30) and crossed with C57Bl6/J mice (The Jackson 

Laboratory, Bar Harbor, USA) to generate C3-

PMP22 and WT littermates. Animals were housed 

in a temperature- and humidity-controlled 

conventional animal facility at Hasselt University 

in a 12h light/12h dark cycle, with ad libitum access 

to food and water. Two separate experiments were 

conducted in parallel. In the first cohort, male and 

female 15 – 20 week-old mice were divided into 3 

groups (WT control n = 5; C3-PMP22 vehicle n = 

4; C3-PMP22 treated n = 4). In the second cohort, 

male 30 – 35 week-old mice were divided into 3 

groups (WT control n = 7; C3-PMP22 vehicle n = 

5; C3-PMP22 treated n = 5). Both cohorts followed 

the same protocol. Mice were injected 

subcutaneously twice a day (with a 10h time 

window between both injections) with either 

DMSO (vehicle control) or 0.3 mg/kg GEBR-32a 

for 7 weeks. Baseline behavioral experiments were 

performed before commencing treatment and were 

repeated during week 3 of the treatment. 

Electrophysiological measurements were recorded 

during week 3 and week 6 of treatment. All 

behavioral experiments were scored blind. 

Mouse genotyping – Genotyping of C3-

PMP22 and WT mice was performed using 

conventional polymerase chain reaction (PCR) 

after DNA extraction from ear biopsies using the 

KAPA Express Extract kit (KAPA Biosystems, 

Wilmington, USA) according to the manufacturer’s 

protocol.  Primers used for amplification of the 

human PMP22 transgene are listed as the 

following: forward: 5’-

TGGTGATGATGAGAAACAGT-3’ and reverse: 

5’-TGATTCTCTCTAGCAATCGA-3’. Primers 

were purchased from Integrated DNA 

Technologies (Leuven, Belgium). 
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Beam walking – beams of 18, 12 and 7 mm 

wide, 1m long and 3 cm high were used. The beams 

were suspended ~1m above the ground with a black 

end goal box (Suppl. Fig. 2). Mice were allowed to 

traverse the beam and the time taken to traverse the 

inner 80cm of the beam was measured. For each 

mouse, 3 successful runs were recorded. A 

successful run was defined as one continuous 

movement (no stopping/turning around). 

 Grid walking – The grid walkway was 1 m 

long, 10 cm wide and 10 cm high, with a grid size 

of 2x2 cm. The walkway was suspended ~1m above 

ground with a black end goal box. A camera was 

mounted underneath, filming the inner 80 cm of the 

walkway. Each mouse traversed the walkway 3 

times. Videos were later analyzed to determine the 

number of foot slips made. Foot slips were defined 

as the animal attempting to place a hind paw and 

completely passing through the plane of the wire 

grid (Suppl. Fig 3). The average number of foot 

slips was calculated for each mouse. 

 Rotarod – An accelerating mouse-sized 

Rotarod (Ugo Basile, Italy ) was used. 4 trials were 

performed using 4 – 40 RPM acceleration over the 

course of 5 min, with a minimum of 5 min rest 

between trials.  

 Grip strength – A wire grid was attached to 

a LabQuest® Newton meter (Vernier, USA). Mice 

were placed on the grid and pulled backwards by 

the tail. The maximum force before losing grip was 

recorded. For each mouse, 3 measurements were 

recorded with at least 5 min of rest between trials. 

 Hanging wire test – Mice were placed on a 

cage lid and turned upside down ~10cm above the 

cage. The latency to fall was recorded with a cutoff 

time of 2 min. For each mouse, 3 measurements 

were recorded with at least 5 min of rest between 

trials. 

Pellet retrieval task – The training protocol 

was modified from Chen et al. 2014 (31). Briefly, 

mice were shaped by placing them inside the 

training chamber individually on day 1. After the 

first day, mice were food-restricted. They gained 

access to food for 2h per day for the remainder of 

the training period. On day 2, mice were placed 

inside the training chamber with ~10 pellets for 

their consumption. From day 3 onwards, forelimb 

dominance was determined as previously described 

(31). After forelimb dominance was determined for 

each animal, animals were scored on the final day 

as previously described (31). 30 attempts or 20 min 

(whichever came first) were recorded and scored (1, 

success; 2, dropped; 3, fail) (Suppl. Fig. 4). From 

these data, the success rate was calculated per 

animal. After initial training, no re-training was 

needed. After treatment, mice were immediately 

scored in the same way as the final day of training. 

Electrophysiological measurements –  

Compound Muscle Action Potentials (CMAP) of 

the sciatic nerve were recorded in the animals using 

a NIM-Eclipse® System (Medtronic, Dublin, 

Ireland), following the protocol described by 

Pollari et al. (32). During week 3, stimulation was 

performed at 2,5 mA and 8 mA for WT and C3-

PMP22 mice, respectively. During week 6, 

supramaximal stimulation was performed. 

Statistical analysis – All statistical analyses 

were performed using Graphpad Prism 9.0.1 

software (Graphpad Software, San Diego, USA). 

Groups were checked for normality using a 

Shapiro-Wilk test. When groups were normally 

distributed, they were compared using an unpaired 

t-test. When groups were not normally distributed, 

they were compared using the non-parametrical 

Mann-Whitney test. To compare three or more 

groups, a one-way ANOVA or non-parametric 

Kruskal-Wallis test was used. The significance 

level was set at 0.05. Data are presented as mean ± 

standard error of the mean (SEM).  

 

RESULTS 

PDE4D and -B isoform expression in wild type 

and C3-PMP22 Schwann cells – To confirm 

whether PDE4D is expressed in Schwann cells, as 

well as another PDE4 isoform commonly used as a 

therapeutic target, PDE4B, primary Schwann cells 

were isolated from both WT and C3-PMP22 mice. 

Gene expression of several PDE4D and -B isoforms 

was assessed using qPCR (Fig. 1). Of the isoforms 

investigated, PDE4D isoform 8 and PDE4B 

isoform 5 were not detected. Interestingly, all 

PDE4D isoforms investigated showed a trend 

towards higher expression in the C3-PMP22 SCs, 

although this increase is not statistically significant. 

The 3 PDE4B isoforms detected showed a rather 

mixed expression between the two genotypes. 

The effect of PDE4(D) inhibition on Schwann 

cell marker gene expression – To assess the effect 

of PDE4(D) inhibition on the SC differentiation 

state in vitro, primary SCs isolated from both C3-

PMP22 and WT mice were treated using 3 different 

inhibitors. First, the inhibitor of interest,  
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GEBR-32a, along with another PDE4D-specific 

inhibitor, BPN14770 (BPN) were used. GEBR-32a 

binds to the catalytic domain of PDE4D, while BPN 

is an allosteric inhibitor of PDE4D. Lastly, the 

PDE4 pan-inhibitor Roflumilast was included for 

comparison. Cells were treated by incubating them 

with culture medium containing 1 µM of the 

appropriate compound for 6 days, with 50% 

medium changes every 2 days. After the treatment 

period, total RNA was extracted and qPCR was 

performed to investigate the expression of several 

markers (Fig. 2). It is important to note that all 

conditions have a sample size of 1, so no statistical  

analysis was performed. When looking at the 2 

main regulators of myelination, Krox-20 and c-Jun, 

GEBR-32a treatment increased Krox-20 expression 

3-fold in C3-PMP22 cells compared to vehicle 

(DMSO) treated C3-PMP22 cells (Fig 2A). 

However, in WT cells, while GEBR-32a also 

resulted in an increase, BPN had the highest impact 

on Krox-20 expression while it did not affect Krox-

20 expression in C3-PMP22 cells. Roflumilast did 

not affect Krox-20 expression in both genotypes. 

When examining c-Jun, surprisingly, inhibitor 

treatment appears to increase its expression in both 

genotypes, with Roflumilast exerting the most  

 

 

profound effect (Fig. 2B). When looking at myelin 

proteins MPZ and MBP, it is interesting to note that 

the C3-PMP22 cells showed a much higher MBP 

expression compared to the WT cells (50-fold), 

with Roflumilast increasing its expression in both 

genotypes, but the other 2 inhibitors having no large 

effect (Fig. 2C). On the other hand, MPZ expression 

does not appear to be influenced greatly by inhibitor 

treatment. Moreover, the C3-PMP22 cells also 

show higher MPZ expression, but not as drastically 

as MBP (Fig. 2D). Next, another transcription 

factor crucial for myelination, Oct-6, appears to 

increase in expression after treatment with all 3 

inhibitors, with Roflumilast having the largest 

effect (Fig. 2E). On the other hand, SOX2, a 

negative regulator of differentiation to the 

myelinating phenotype, appears to decrease slightly 

after GEBR-32a treatment in C3-PMP22 and WT 

cells, but the effect of the other inhibitors is smaller 

(Fig. 2F). Next, NCAM, a marker for non-

myelinating SCs, showed the same variable results 

(Fig. 2G). SOX10 and p75, genes used as general 

Schwann cell markers, do not seem to be drastically 

affected by inhibitor treatment, and the effects vary 

between the different inhibitors and markers. Of 

note, both markers appear to be expressed more in  

 

 

Fig. 1 – PDE4D and -B isoform expression in WT and C3-PMP22 Schwann cells. PDE expression 

was quantified using qPCR. The normalized quantities are shown. There are no significant differences 

between WT and C3-PMP22 Schwann cells. Not shown are PDE4D isoform 8 and PDE4B isoform 5, as 

no significant expression was detected. N = 3 for both genotypes. Statistical analysis: Mann-Whitney 

test. WT, wild type; C3, C3-PMP22. 
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the C3-PMP22 cells than the WT cells (Fig. 2 H-I).  

Lastly, CD90, a fibroblast marker, was found to be  

expressed drastically higher in the C3-PMP22 cells  

compared to the WT cells, with GEBR-32a 

decreasing and Roflumilast increasing its 

expression in these cells. In the WT cells, the 

effects are smaller (Fig. 2J). 

The effect of PDE4(D) inhibition on protein 

levels – To examine the effect of PDE4(D) 

inhibition on SC marker protein levels, WT and C3-

PMP22 Schwann cells were seeded on glass 

coverslips and treated with inhibitors as previously 

mentioned. After the treatment period, samples  

 

were fluorescently stained for several markers (Fig. 

3). For each condition, the integrated density of the 

fluorescent signal was calculated as a means of 

quantification. Note that n=1 for each condition, but 

10 images were analyzed per coverslip. First, 

GFAP protein levels were investigated (Fig 3B). 

GFAP is expressed in dedifferentiated adult SCs, 

but not in myelinating SCs. When looking at the 

quantification, BPN (p < 0.0001) and Roflumilast 

(p < 0.0001) treatment significantly decrease the 

GFAP protein levels in C3-PMP22 SCs. 

Interestingly, GEBR-32a does not (p = 0.0608). 

Next, c-Jun protein levels were investigated (Fig.  

 

Fig. 2 – Schwann cell marker expression after PDE4(D) inhibition. WT and C3-PMP22 Schwann cells were treated for 

6 days with either DMSO, 1 µM GEBR-32a (Gebr), 1 µM BPN14770 (BPN) or 1 µM Roflumilast (Roflu). Relative gene 

expression for several genes (A, Krox-20; B, c-Jun; C, MBP; D, MPZ; E, Oct-6; F, SOX2; G, NCAM; H, SOX10; I, p75; J, 

CD90) was quantified using qPCR. Note that N = 1 for every group. WT, wild type; C3, C3-PMP22. Data are represented 

as fold change relative to WT DMSO. 
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3C). Interestingly, BPN significantly increased c-

Jun levels (p < 0.0001), while Roflumilast 

significantly decreased c-Jun levels (p < 0.0001). 

Again, GEBR-32a did not have a significant effect  

(p = 0.2797). When looking at Krox-20 (Fig. 3D), 

both BPN (p < 0.0001) and Roflumilast (p < 

0.0001) significantly decreased protein levels, 

while GEBR-32a did not have a significant effect, 

although a small trend of decrease is visible (p = 

0.2606). Then, when observing MPZ levels (Fig. 

3E), again BPN (p = 0.0006) and Roflumilast (p = 

0.0006) significantly decreased MPZ levels, while 

GEBR-32a did not show an effect (p = 0.4894). 

Lastly, only Roflumilast significantly decreased 

SOX2 levels (p = 0.0364), BPN (p = 0.1989) and 

GEBR-32a (p = 0.1989) had no significant effect 

(Fig. 3F). 

GEBR-32a treatment improves motor 

function and nerve conduction in C3-PMP22 mice 

–  To investigate the therapeutic effect of GEBR- 

 

32a in vivo, several functional aspects were 

investigated in the C3-PMP22 mouse model. 2 

separate cohorts were analyzed: cohort A consists 

of 15 – 20 week-old mice at the start of the 

measurements, both male and female. Cohort B 

consists of only male 30 – 35 week-old mice.  This 

was done to assess the effect of the treatment on 

different age groups. However, sample size is low 

in these cohorts (Cohort A: WT, n = 5; C3 Vehicle, 

n = 4; C3 Treated, n = 4; Cohort B: WT, n = 7, C3 

Vehicle, n = 5, C3 Treated, n = 5). Therefore, both 

cohorts were also pooled in the analysis to generate 

a heterogenous population consisting of male and 

female mice of different ages, as well as higher 

statistical power (WT, n = 13; C3 Vehicle, n = 9; 

C3 Treated, n = 9). Mice were injected with either 

0.3 mg/kg GEBR-32a or vehicle control (DMSO) 

twice per day. Before commencing treatment, 

baseline measurements for each functional assay 

were performed. Then, during week 3 of treatment, 

 

Fig. 3 – Immunostaining on C3-PMP22 Schwann cells after inhibitor treatment. (A) Representative images of C3-PMP22 

Schwann cells stained for GFAP, c-Jun, Krox-20, MPZ, and SOX2. (B-F) Semi-quantitative analysis of the images using integrated 

density for GFAP (B), c-Jun (C), Krox-20 (D), MPZ (E) and SOX2 (F). For each condition, 10 photos were taken per coverslip, with 

1 coverslip per condition (n = 1). Scale bar: 50µM. BPN, BPN14770, Gebr, GEBR-32a, Roflu, Roflumilast, C3, C3-PMP22. Data are 

presented as mean ± SEM. Statistical analysis: One-way ANOVA, Holm-Šídák multiple comparisons test. The means of all columns 

were compared to the control column (C3 DMSO). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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these measurements were repeated. First, grip 

strength was quantified using a Newton meter, as 

well as the hanging wire test, which tests the 

animals’ endurance to pull up their body weight 

(Fig. 4). At baseline, C3-PMP22 mice show a trend 

towards a lower maximum grip strength compared 

to WT mice in both age cohorts (Fig 4. A). When 

pooled, both C3-PMP22 groups show a 

significantly lower maximum grip strength 

compared to the WT group (Vehicle: p = 0.0057; 

Treated: p= 0.0265). During week 3 of treatment, 

maximum grip strength is notably lower compared 

to baseline across all groups. However, across both 

cohorts as well as the pooled cohorts, no significant 

differences were found between all groups (Fig. 

4B). On the other hand, when testing endurance 

using the hanging wire test, at baseline, C3-PMP22 

mice showed a significantly lower time before 

 

Fig. 4 – GEBR-32A treatment shows no conclusive effects on grip strength but increases grip endurance. (A, B) 

Maximum grip strength was recorded using a Newton meter. (A) Baseline measurements show no significant differences in 

grip strength between WT and C3 groups in Cohorts A and B. However, C3 mice show a trend towards worse performance 

compared to WT mice. When both cohorts are pooled, both C3 groups show a significantly lower grip strength compared to 

the WT group. (B) Measurements during week 3 of treatment. No significant differences were detected across all 3 cohorts. 

Of note, all mice performed notably worse compared to the baseline measurements. (C, D)  Hanging wire test. Mice were 

placed on a cage lid and turned upside down. The time until falling was recorded. (C) Baseline measurements. In cohort B, 

both C3 groups showed significantly worse performance than the WT group, while in cohort A no significance was detected 

but a clear trend is seen. When both cohorts are pooled, both C3 groups perform significantly worse than the WT group. (D)  

Measurements during week 3 of treatment. After treatment, the untreated C3 group still performs significantly worse than 

the WT group, in contrast to the treated C3 group, which shows no significant difference. Furthermore, when both cohorts 

are pooled, the treated C3 group performs significantly better than the untreated C3 group.  WT, wild type; C3 Vehicle, C3-

PMP22 administered DMSO; C3 Treated, C3-PMP22 administered 0,3 mg/kg GEBR-32a. Data are presented as mean ± 

SEM. Statistical analysis: Kruskal-Wallis test, Dunn multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p 

≤ 0.0001.   
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falling compared to the WT group in cohort B 

(Vehicle: p = 0.0260; Treated: p = 0.0140) and the 

pooled cohorts (Vehicle: p = 0.0039; Treated: p = 

0.0037) (Fig. 4C). In cohort A, the same trend is 

seen, but is not significant (Vehicle: p = 0.0927; 

Treated: p = 0.2537). After treatment, the untreated 

C3-PMP22 group still scored significantly lower 

than the WT group in both cohorts (Cohort A: p = 

0.0070; Cohort B: p = 0.0023), but the treated C3-

PMP22 groups did not differ significantly from the 

WT groups (Cohort A: p = 0.2848; Cohort B: p = 

0.1101) (Fig. 4D). Furthermore, in the pooled 

cohorts, the treated group scores significantly better 

compared to the untreated group (p = 0.0046), 

although both C3-PMP2 groups scored 

significantly lower than the WT group (p < 0.0001).  

Secondly, endurance was tested using the Rotarod 

(Fig. 5). At baseline, C3-PMP22 mice scored 

significantly lower than the WT mice in cohort B 

(Vehicle: p < 0.0001; Treated: p < 0.0001), but not 

in cohort A (Vehicle: p = 0.1050; Treated: p = 

0.0730), although a decreasing trend is seen. In the 

pooled cohorts, both C3-PMP22 groups scored 

significantly lower than the WT group (Vehicle: p 

= 0.0002; Treated: p = 0.0011) (Fig. 5A). After 

treatment, treated C3-PMP22 mice scored 

significantly better than the untreated group (Fig. 

5B). In cohort A, the treated group showed a 

 

Fig. 5 – GEBR-32a treatment improves endurance on the Rotarod. Endurance was assessed using an 

accelerating protocol of 5 min. (A) Baseline measurements. In cohort B, both C3 groups perform 

significantly worse than the WT group. In cohort A, both C3 groups show a decreasing trend compared to 

the WT group, although no significance was detected. When both cohorts are pooled, both C3 groups 

perform significantly worse than the WT group. (B) Measurements during week 3 of treatment. After 

treatment, there is a significant improvement in the treated C3 group compared to the untreated C3 group 

in both cohort A and the pooled cohorts. In cohort B, there is a significant difference between the untreated 

C3 group and the WT group, but not between the treated C3 group and the WT group. WT, wild type; C3 

Vehicle, C3-PMP22 administered DMSO; C3 Treated, C3-PMP22 administered 0,3 mg/kg GEBR-32a.   

Data are presented as mean ± SEM. Statistical analysis: Kruskal-Wallis test, Dunn multiple comparisons 

test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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significantly higher endurance than the untreated 

group (p = 0.0221), despite still scoring 

significantly lower than the WT group (p = 0.0127).  

In cohort B, the treated group does not differ 

significantly from the WT group (p = 0913), while 

the untreated group scored significantly lower than 

the WT group (p = 0.0010). However, the treated 

group does not differ significantly from the 

untreated group (p = 0.5655). In the pooled cohorts, 

the treated group scores significantly higher than 

the untreated group (p = 0.0022), despite also 

scoring significantly lower than the WT group (p < 

0.0001). 

Next, motor coordination was evaluated using the 

grid walk, beam walk and pellet retrieval assays. 

First, sensorimotor function was assessed using the 

grid walk assay (Fig. 6A-B). Animals were allowed 

to traverse a wire grid and the number of hind paw 

slips was recorded (Suppl. Fig. 3). At baseline, both 

C3-PMP22 groups made significantly more foot 

 

Fig. 6 – GEBR-32a treatment slightly improves sensorimotor coordination on the grid walk assay, as well as balance 

and coordination on the beam walk assay. (A, B) Grid walk assay. Mice traversed a wire grid and foot slips were recorded. 

(A) Baseline measurements. In both cohorts A and B, as well as the pooled cohort, C3 mice make significantly more foot slips 

compared to the WT group. (B) Measurements during week 3 of treatment. After treatment, the untreated C3 group makes 

significantly more foot slips than the WT group, while there is no significant difference between the treated C3 and WT groups 

in cohorts A and B. However, in the pooled cohorts, the treated C3 group does perform significantly worse than the WT group, 

although the p-value was higher than C3 treated vs WT. (C, D) Beam walk assay. Mice traversed a beam of 7 mm wide and 80 

cm long, the time to traverse was recorded. (C) Baseline measurements. In cohort B, both C3 groups perform significantly 

worse than the WT group. In cohort A, the C3 groups show an increasing trend in traversing time. When both cohorts are 

pooled, both C3 groups perform significantly worse than the WT group. (D) Measurements during week 3 of treatment. Across 

all 3 cohorts, the untreated C3 group performs significantly worse than the WT group, while the treated C3 groups show no 

significant difference compared to the WT group. WT, wild type; C3 Vehicle, C3-PMP22 administered DMSO; C3 Treated, 

C3-PMP22 administered 0,3 mg/kg GEBR-32a. Data are presented as mean ± SEM. Statistical analysis: Kruskal-Wallis test, 

Dunn multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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slips compared to the WT group in both cohort A 

(Vehicle: p = 0.0420; Treated: p = 0.0320) and 

cohort B (Vehicle: p = 0.0101; Treated: p = 0.0126), 

as well as the pooled cohorts (Vehicle: p = 0.0006;  

Treated: p = 0.0005) (Fig. 6A). However, after 

treatment, in cohorts A and B, the untreated C3-

PMP22 group still performs significantly worse 

than the WT group (Cohort A: p = 0.0179; Cohort 

B: p = 0.0208), while the treated C3-PMP22 group 

does not differ significantly from the WT group 

(Cohort A: p = 0.0701; Cohort B: p = 0.0776). 

When both cohorts are pooled, both C3-PMP22 

groups still perform significantly worse than the 

WT group, although the p-value is higher in the 

treated group (Vehicle: p = 0.0003; Treated: p = 

0.0020) (Fig. 6B). However, there is no significant 

difference between the treated and untreated C3-

PMP22 groups across all cohorts (Cohort A: p > 

0.9999; Cohort B: p > 0.9999; Cohort A + B: p > 

0.9999). Secondly, balance and coordination were 

examined using the beam walk assay (Fig. 6C-D). 

Animals traversed a wooden beam of 7 mm wide 

and 80 cm long, and the time taken to traverse was 

recorded. At baseline, both C3-PMP22 groups took 

significantly longer to traverse the beam than the 

WT group in cohort B (Vehicle: p = 0.0069; 

Treated: p = 0.0203), but not cohort A (Vehicle: p 

= 0.2806; Treated: p = 0.4518). When pooled, both  

 C3-PMP22 groups took significantly longer than 

the WT group to traverse the beam (Vehicle: p = 

0.0031; Treated: p = 0.0086) (Fig. 6C). After 

treatment, the untreated C3-PMP22 group still took 

significantly longer than the WT group to traverse 

across all cohorts (Cohort A: p = 0.0468; Cohort B: 

p = 0.0120; Cohort A + B: p = 0.0003), but the 

treated group did not differ significantly from the  

 

Fig. 7 – GEBR-32a treatment improves motor coordination in the pellet retrieval task. 30 reaching 

attempts were recorded per animal and the success rate was calculated. (A) Baseline measurements. In 

cohort B and the pooled cohorts, the untreated group scored significantly worse than the WT group. In 

cohort A, there is a decreasing trend in the C3 groups. (B) Measurements during week 3 of treatment. 

Treated C3 mice show an improving trend compared to the untreated C3 mice across all cohorts. In the 

pooled cohorts, untreated C3 mice perform significantly worse than the WT mice, while the treated C3 mice 

do not differ from the WT group. WT, wild type; C3 Vehicle, C3-PMP22 administered DMSO; C3 Treated, 

C3-PMP22 administered 0,3 mg/kg GEBR-32a. Data are presented as mean ± SEM. Statistical analysis: 

Kruskal-Wallis test, Dunn multiple comparisons test. *p ≤ 0.05. 
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WT group across all cohorts (Cohort A: p = 

0.0.8475; Cohort B: p = 0.7488; Cohort A + B: p = 

0.2166), indicating functional improvement in the 

treated C3-PMP22 group (Fig. 6D). However, no 

significant differences were found between the 

treated and untreated C3-PMP22 groups across all  

cohorts (Cohort A; p = 0.6075; Cohort B: p = 

0.3296; Cohort A + B: p = 0.1609). The beam walk 

assay was also performed using beams of 18 and 12 

mm wide (Suppl. Fig. 2, 5). However, no 

significant effects were detected here (Suppl. Fig. 

5). 

 

Fig. 8 – GEBR-32a treatment significantly decreases CMAP latency but does not increase CMAP amplitude. 

Compound muscle action potentials (CMAPs) were recorded for the sciatic nerve of each animal. Cohorts A and B 

were pooled for these measurements. (A) Photo of the setup, with the simulating, recording and ground electrodes 

indicated. (B) Measurements during week 3 of treatment. The sciatic nerve was stimulated at 2,5 and 8 mA in WT and 

C3-PMP22 mice, respectively.  Both C3 groups show a significantly lower CMAP amplitude and higher latency than 

the WT group, with no significant difference between the untreated and treated groups. (C) Measurements during week 

6 of treatment. Here sciatic nerves were supramaximally stimulated. Both C3 groups show a significantly lower 

amplitude than the WT group, with no significant difference between the untreated and treated groups. However, an 

increasing trend is seen in the treated group compared to the untreated group. Next, the treated C3-PMP22 group shows 

a significantly lower latency compared to the untreated C3-PMP22 group. The treated group does not differ 

significantly from the WT group, while the untreated group shows a significantly higher latency than the WT group. 

WT, wild type; C3 Vehicle, C3-PMP22 administered DMSO; C3 Treated, C3-PMP22 administered 0,3 mg/kg GEBR-

32a. Data are presented as mean ± SEM. Statistical analysis: Kruskal-Wallis test, Dunn multiple comparisons test. *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Third, front paw coordination was investigated 

using the pellet retrieval task (Fig. 7). After a 

training period, mice were able to reach for a food 

pellet from within a plastic container through a slit. 

30 reaching attempts were recorded and the rate of 

successfully grabbing and feeding the pellet into the 

mouth was calculated (Suppl. Fig. 4). It is important 

to note that at baseline, the untreated C3-PMP22 

group scored significantly lower than the WT group 

in cohort B (p = 0.0396) and the pooled cohorts (p 

= 0.0316), while the treated C3-PMP22 groups did 

not differ significantly from the WT groups (Cohort 

B: p = 0.9747; Cohort A + B: p = 0.3226). In cohort 

A, all groups did not differ significantly from each 

other (Fig. 7A). After treatment, all groups did not 

differ from each other in cohorts A and B (Fig. 7B). 

When pooled, the untreated C3-PMP22 group 

scored almost significantly worse than the WT 

group (p = 0.0528), while the treated C3-PMP22 

group did not differ from the WT group (p > 

0.9999). 

Lastly, nerve conduction was quantified using 

electrophysiological measurements (Fig. 8). These 

measurements were recorded during week 3 of 

treatment and mice from both cohorts were pooled. 

Mice were anesthetized and the proximal sciatic 

nerve was stimulated with either 2,5 mA or 8 mA 

pulses, for WT and C3-PMP22 mice, respectively. 

The response, compound muscle action potentials 

(CMAPs), were recorded in the distal hind limb 

muscle tissue (Fig 8A). Axonal integrity was 

assessed by quantifying the amplitude of the 

CMAPs. Both C3-PMP22 groups had a 

significantly lower amplitude compared to the WT 

animals (Vehicle: p < 0.0001; Treated: p = 0.0004), 

while treatment did not result in a significant 

difference with the untreated group (p = 0.5761) 

(Fig. 8B). Furthermore, conduction speed was 

examined by quantifying the CMAP latency after 

stimulation. Both C3-PMP22 groups showed a 

significantly higher latency than the WT group 

(Vehicle: p < 0.0001; Treated: p < 0.0001), while 

treatment did not result in a significant 

improvement compared to the untreated group (p = 

0.9041). However, as significant improvements 

were observed in the behavioral assays but not the 

electrophysiological measurements, we opted to 

continue treating the mice and repeating the 

electrophysiological measurements during week 6 

of treatment. Here the sciatic nerve was 

supramaximally stimulated to record the maximal 

CMAP response (Fig. 8C). When looking at the 

CMAP amplitude, there was still no significant 

difference between the untreated and treated C3-

PMP22 groups (p > 0.9999). However, an 

increasing trend is seen in the treated group. On the  

other hand, the treated C3-PMP22 group showed a 

significantly lower latency compared to the 

untreated C3-PMP22 group (p = 0.0002), to the 

point where the treated group does not differ from 

the WT group (p = 0.6754).  

 

DISCUSSION 

This study aimed to assess the therapeutic potential 

of PDE4D inhibition in CMT1A. We found that 

treatment with the PDE4D-specific inhibitor 

GEBR-32a significantly improved motor function 

in the C3-PMP22 mouse model. Furthermore, 

electrophysiological measurements revealed a 

significant increase in sciatic nerve conduction 

speed after treatment, indicating a boost in 

peripheral myelination. However, the in vitro data 

on the differentiation state of treated SCs remain 

inconclusive. 

We showed that all isoforms of PDE4D showed an 

increasing trend in expression in C3-PMP22 SCs 

compared to WT SCs. This could result in an 

intrinsically lower cAMP level compared to WT 

SCs and confirms PDE4D as a viable target to 

increase cAMP content in CMT1A. In fact, lower 

cAMP levels were already observed in CMT1A rat 

SCs compared to WT rat SCs (33). These findings 

further confirm that the use of cAMP-increasing 

agents can prove beneficial to restore the 

myelinating SC phenotype.  

Next, our findings on PDE4D inhibition affecting 

the SC differentiation state in vitro are 

inconclusive. First of all, it is important to note that 

both the qPCR and immunocytochemistry 

experiments were performed with a sample size of 

1 for each condition, so no conclusive findings can 

be formulated. These experiments need to be 

repeated with a higher sample size in order to 

accurately examine the effect of the different 

inhibitors in vitro. However, some first 

observations can be made based on the trends seen 

in these experiments. Besides GEBR-32a, another 

PDE4D-specific inhibitor, BPN14770 (BPN), was 

investigated for comparison, as well as the PDE4 

pan-inhibitor Roflumilast, an FDA-approved 

compound for use against COPD (34). BPN is an 

allosteric inhibitor of PDE4D, while GEBR-32a 
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directly interacts with the catalytic domain of 

PDE4D (35-37). When looking at the two main 

positive and negative transcriptional regulators of 

myelination, we expected PDE4(D) inhibition to 

increase Krox-20 and decrease c-Jun expression. 

An increase in Krox-20 expression was observed in 

C3-PMP22 cells treated with GEBR-32a, but not 

BPN or Roflumilast. This could indicate that 

GEBR-32a treatment can stimulate differentiation 

to the myelinating phenotype through elevation of 

Krox-20 expression. However, when looking at c-

Jun, all 3 inhibitors slightly increased its 

expression, with Roflumilast having the most 

profound effect. This is the opposite of what was 

expected. However, if this effect is confirmed, it 

could indicate that PDE4D-specific inhibition 

results in a smaller increase in c-Jun expression 

compared to PDE4 inhibition, as BPN and GEBR-

32a show a smaller increase than Roflumilast. Next, 

when investigating the myelin proteins MPZ and 

MBP, we expected the expression of both genes to 

increase upon treatment to indicate differentiation 

to the myelinating phenotype. Interestingly, the C3-

PMP22 cells showed a higher expression compared 

to the WT cells, especially MBP. The inhibitors did 

not appear to have an effect, except Roflumilast 

which increased MBP expression. Additionally, we 

investigated Oct-6 and SOX2, another example of 

positive and negative transcriptional regulators of 

myelination, respectively (38, 39). Here, we 

expected an increase in Oct-6 and a decrease in 

SOX2 expression. All 3 inhibitors appeared to 

increase the expression of Oct-6, with Roflumilast 

having the largest effect. This indicates an boost in 

differentiation. On the other hand, GEBR-32a 

appeared to decrease SOX2 expression, while 

Roflumilast appeared to increase its expression. 

There was no apparent effect of BPN. It is 

noteworthy that all C3-PMP22 groups showed a 

higher expression of SOX2 compared to the WT 

groups, indicating that these cells might be in a 

dedifferentiated or non-myelinating state. 

However, NCAM, a marker for non-myelinating 

SCs, showed no apparent differences in expression 

across all groups (40). Next, SOX10 and p75, 

proteins generally used as SC markers, were 

investigated (41, 42). Here, there was no apparent 

effect of the inhibitors on SOX10 expression, while 

all 3 inhibitors appeared to slightly increase p75 

expression in C3-PMP22 cells. It is noteworthy that 

the C3-PMP22 cells showed a higher expression of 

both SOX10 and p75. However, most notably, C3-

PMP22 cells showed a drastically higher 

expression of CD90, a marker expressed by 

fibroblasts, but not SCs (43). This might indicate 

contamination of the C3-PMP22 culture with 

fibroblasts, rendering the aforementioned results 

unusable. Interestingly, several SC markers also 

showed a higher expression in the C3-PMP22 cells. 

Another suggested reason can be a technical 

mistake during RNA isolation or qPCR. In 

conclusion, while some observations were made, 

these experiments need to be repeated on new cell 

cultures, preferably cultures where SC identity and 

purity was confirmed. These experiments should 

consist of at least 3 biological replicates, as opposed 

to the 1 used in this study.  

Likewise, our observations on the effect of 

PDE4(D) inhibition on protein levels are 

inconclusive. Again, it is important to note that the 

immunocytochemistry was performed with a 

sample size of 1 for each condition, and need to be 

repeated. First, we examined the protein levels of 

GFAP, an intermediate filament expressed in non-

myelinating adult SCs, but not myelinating adult 

SCs (44). Here, BPN and Roflumilast significantly 

decreased GFAP protein levels in C3-PMP22 SCs, 

indicating a myelinating phenotype, while GEBR-

32a showed no significant effect. Interestingly, 

BPN treatment appears to have an opposite effect 

than what was expected, both increasing c-Jun and 

decreasing Krox-20 and MPZ levels. Roflumilast 

decreased c-Jun levels but also decreased Krox-20 

and MPZ levels. Lastly, there were no large effects 

on SOX2 levels, with the exception of Roflumilast 

significantly decreasing them. Across these 

proteins, GEBR-32a surprisingly showed no 

effects. Taken together, these data show no 

conclusive effects and as the qPCR experiments, 

these experiments need to be repeated on new cell 

cultures, with at least 3 biological replicates per 

condition. Previous studies revealed that the broad-

spectrum PDE inhibitor IBMX, as well as the PDE3 

inhibitor cilostazol, significantly promote SC 

differentiation in vitro (45, 46). Therefore, we 

expect PDE4(D) inhibition to significantly boost 

SC differentiation to the myelinating phenotype in 

vitro, as was also indicated by functional repair 

after PDE4D inhibition in vivo. Furthermore, it 

might be possible to increase the concentration of 

the inhibitors used in both in vitro experiments. For 
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example, GEBR-32 showed no toxic effects even at 

concentrations as high as 100 µM (24).  

To assess the effect of PDE4D inhibition on 

CMT1A symptoms in vivo, we opted to investigate 

the therapeutic potential of GEBR-32a, as this is a 

novel compound with a promising therapeutic 

profile. Moreover, it inhibits practically every 

isoform of PDE4D, as opposed to BPN14770, 

which is only selective for PDE4D3 and PDE4D7 

(37, 47). To our knowledge, PDE4D-selective 

inhibition has never been attempted before as a 

therapeutic strategy for CMT1A. However, 

previous research demonstrated that PDE4 

inhibition by Rolipram enhanced myelination in 

vivo when combined with SC transplantation after 

spinal cord injury (48, 49). Moreover, Rolipram 

also promoted remyelination in the central nervous 

system in a multiple sclerosis model (23). This led 

us to believe that PDE4D-specific inhibition could 

show the same therapeutic potential in the 

peripheral nervous system without the side effects 

commonly seen with PDE4 inhibition (24, 25). Our 

in vivo study showed very promising results of 

GEBR-32a treatment in C3-PMP22 mice. First, 

GEBR-32a treatment significantly improved 

endurance, both in the strength-based hanging wire 

test and the movement-based Rotarod test. 

Secondly, motor coordination was also 

significantly improved, as indicated by an 

improvement in sensorimotor function on the grid 

walk assay, balance and coordination on the beam 

walk assay, and forelimb coordination on the pellet 

retrieval task. Taken together, these data form 

evidence that PDE4D inhibition by GEBR-32a can 

improve motor function in CMT1A mice. However, 

an interesting difference between endurance and 

coordination can be seen. In the hanging wire and 

rotarod assays, GEBR-32a treatment does not 

appear to increase endurance, but rather prevent a 

decline in endurance over time. This is indicated by 

the treated C3-PMP22 mice staying at 

approximately the same level compared to baseline, 

while the untreated C3-PMP22 mice perform worse 

compared to baseline. This effect can already be 

observed when comparing cohorts A and B at 

baseline, where the older C3-PMP22 animals in 

cohort B appeared to perform worse than the 

younger animals in cohort A. On the other hand, 

coordination does appear to be directly improved 

by treatment, as indicated by the untreated C3-

PMP22 group performing at approximately the 

same level compared to baseline in the grid walk, 

beam walk and pellet retrieval assays. Based on 

these findings, a subsequent step can be to start 

treating mice at an early age in order to get optimal 

results. In humans, CMT1A symptoms develop in 

the first 2 decades of life, but disease progression 

was observed in adult patients (28). Therefore, 

starting therapy as early as possible could be the 

best way to both improve motor coordination and 

prevent a decline in endurance. 

Secondly, the significant improvements in motor 

function are accompanied by a spectacular increase 

in nerve conduction velocity, as indicated by the 

decrease in sciatic nerve CMAP latency in C3-

PMP22 mice to the same level as WT mice in week 

6 of treatment. We did not observe any significant 

effects on nerve conduction during week 3 when we 

stimulated the sciatic nerve using a set current. 

However, because significant improvements in 

motor function were observed, we opted to continue 

the treatment and repeat the electrophysiological 

measurements. In week 6, we stimulated the sciatic 

nerve until a maximal response was recorded, and 

here a significant effect of treatment was detected. 

These findings indicate that GEBR-32a treatment 

improves motor function through the enhancement 

of nerve conduction speed. Presumably, this effect 

is due to an enhancement in myelination, but this 

needs to be confirmed by post-mortem tissue 

analysis. On the other hand, GEBR-32a inhibition 

did not appear to increase CMAP amplitude, which 

would indicate an increase in axonal integrity. 

However, after six weeks an increasing trend is 

seen in the treated C3-PMP22 group. This could 

mean that this effect is slower.  

The next step in this research is to repeat the 

functional assays during week 7 of treatment to 

investigate whether prolonged treatment further 

improves motor function. At the end of week 7, the 

animals will be sacrificed for tissue analysis. Here, 

sciatic nerves and brachial plexuses will be isolated 

and examined using transmission electron 

microscopy and immunocytochemistry to 

determine the myelination state of these nerve 

fibers. Ultimately, the next steps could be to 

investigate commencing treatment at an early age, 

as well as determine the optimal dose of GEBR-32a 

for maximal therapeutic effect while minimizing 

unwanted side effects. Additionally, CMAP 

amplitude can be investigated during prolonged 

treatment to confirm whether there is an effect of 
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treatment on axonal integrity. Furthermore, as 

PMP22 overexpression results in increased Ca2+ 

influx through upregulation of the P2X7 receptor, it 

was shown that blocking of P2X7 decreased 

intracellular Ca2+ levels and improved myelination 

in vitro, while also slightly increasing cAMP levels 

(33). Moreover, another study confirmed that P2X7 

inhibition improves myelination in a CMT1A rat 

model (50). Regardless, this study observed a 

decrease in muscle strength at high doses, possibly 

due to the P2X7 receptor playing a role in neuronal 

synaptic transmission and its expression in skeletal 

muscle tissue, decreasing Ca2+ influx in the muscle 

upon inhibition (50-52). Thus, it might be 

interesting to investigate a combination of PDE4D 

inhibition with P2X7 inhibition at a low dose in 

vivo to maximize the effect of both compounds. 

 

CONCLUSION 

In conclusion, PDE4D is a promising therapeutic 

target for the treatment of CMT1A. Furthermore, 

the PDE4D-specific inhibitor GEBR-32a has 

shown to be of great interest for further 

investigation, as GEBR-32a treatment significantly 

alleviated both functional and electrophysiological 

symptoms of CMT1A. However, the exact 

molecular mechanisms of PDE4D inhibition 

stimulating functional repair need to be further 

examined. The in vitro data presented in this study 

are inconclusive. Additionally, these data are based 

on a sample size of 1 and are therefore not suitable 

to draw any conclusions. The next steps in 

validating PDE4D inhibition as a treatment for 

CMT1A include repeating the in vitro experiments 

with appropriate sample sizes, as well as post-

mortem tissue analysis on the mice used in this 

study. In the future, GEBR-32a can be further 

investigated and developed as a promising therapy 

for CMT1A, possibly in combination with other 

therapeutic compounds.
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SUPPLEMENTARY MATERIAL 

 

Supplementary Table 1 – Primers used for gene expression analysis 

 

 

Gene Forward primer sequence Reverse primer sequence 

CD90 5’-GCTCTCCTGCTCTCAGTCTT-3’ 5’-CAGGCGAAGGTTTTGGTTCA-3’ 

c-Jun 5’GACCTTCTACGACGATGCCC-3’ 5’-GCCAGGTTCAAGGTCATGCT-3’ 

SOX2 5’-GATCAGCATGTACCTCCCCG-3’ 5’-CTTAAGCCTCGGGCTCCAAA-3’ 

SOX10 5’-CACGCAGAAAGCTAGCCGAC-3’ 5’-CACTTTCGTTCAGCAACCTCCA-3’ 

Oct-6 5’-CTCCTGGGGTCCTTCTAACT-3’ 5’-TTATACACAGATGCGGCTCTC-3’ 

p75 5’-CCCTGCCTGGACAGTGTTAC-3’ 5’-ACAGGGAGCGGACATACTCT-3’ 

NCAM 5’-GCCTGAAACCTGAGACGAGG-3’ 5’-CTTGGGTGCACTGGGTTCC-3’ 

Krox-20 5’-GATCACAGGCAGGAGAGACTGC-3’ 5’-TCCGTTCATCTGGTCAAAGGG-3’ 

MPZ 5’-TCTCAGGTCACGCTCTATGTC-3’ 5’-GCCAGCAGTACCGAATCAG-3’ 

MBP 5’-CAGCCAGCACCACTCTTGAA-3’ 5’-GCCTCTCCTCGGTGAATCTC-3’ 
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Supplementary Fig. 1 – Primary mouse cells before and after p75 FACS sorting. Phase-contrast images of primary cells 

isolated from mouse nerve tissue. (A) Unsorted cells. Red arrows indicate Schwann cells, spindle-shaped cells with a small 

cell body and long, thin processes. Blue arrows indicate fibroblasts, flattened cells with a large cell body. (B) p75 positive 

cells after FACS sorting. This culture consists almost solely of cells with a Schwann cell-like morphology. (C) p75 negative 

cells after FACS sorting. This culture consists almost solely of cells with a fibroblast-like morphology. 
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Supplementary Fig. 2 – Beam walk test setup. Mice traversed the beam and the time taken to traverse the inner 80 cm 

was recorded. (A) Photo of the setup. The beam was suspended ~1m above the ground with a black end goal box. 

Underneath the beam, a towel was suspended to break the animals’ fall. (B) Mouse traversing the 18 mm beam. (C)  

Mouse traversing the 12 mm beam. (D)  Mouse traversing the 7 mm beam. 
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Supplementary Fig. 3 – Example of grid walk assay foot slip. Animals traversed a wire grid and the number of foot 

slips was recorded. Foot slips were defined as the animal attempting to place a hind paw and completely passing through 

the plane of the wire grid. Red arrows indicate a hind paw slipping. 
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Supplementary Fig. 4 – Scoring used in the pellet retrieval task. Mice were placed in a plastic container and grabbed 

food pellets from behind a slit in the container wall. Red arrows indicate the food pellet. (A) Success. The animal 

successfully grabs the pellet and feeds it into its mouth. (B) Drop. The animal grabs the pellet but drops it before 

feeding it into its mouth. (C) Fail. The animal fails to grab the pellet. 
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Supplementary Fig. 5 – Beam walk assay using 18 and 12 mm beams. (A, B) 18 mm beam. (A) Baseline measurements. Only in 

the pooled cohorts does the untreated C3 group perform significantly worse than the WT group, while the treated C3 group does not. 

(B) Measurements during week 3 of treatment. There are no significant differences between all 3 groups across all 3 cohorts. (C, D) 

12 mm beam. (C) Baseline measurements. In cohort A and the pooled cohorts, the untreated C3 groups perform significantly worse 

than the WT group, while the treated C3 group does not. In cohort B, there is no difference between the 3 groups. (D) Measurements 

during week 3 of treatment. In cohort A and the pooled cohorts, the untreated C3 groups perform significantly worse than the WT 

group, while the treated C3 group does not. In cohort B, there is no difference between the 3 groups. WT, wild type; C3 Vehicle, C3-

PMP22 administered DMSO; C3 Treated, C3-PMP22 administered 0,3 mg/kg GEBR-32a. Data are presented as mean ± SEM. 

Statistical analysis: Kruskal-Wallis test, Dunn multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 


