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ABSTRACT
Charcot‐Marie‐Tooth 1A (CMT1A) is a demyelinating hereditary neuropathy whose pathogenetic mechanisms are still poorly defined and an
etiologic treatment is not yet available. An abnormally high intracellular Ca2þ concentration ([Ca2þ]i) occurs in Schwann cells from CMT1A rats
(CMT1A SC) and is caused by overexpression of the purinoceptor P2X7. Normalization of the Ca2þ levels through down‐regulation of P2X7
appears to restore the normal phenotype of CMT1A SC in vitro.We recently demonstrated that the diadenosine 50,50 00‐P1, P2‐diphosphate (Ap2A)
isomer P18 behaves as an antagonist of the P2X7 purinergic receptor, effectively blocking channel opening induced by ATP. In addition, P18
behaves as a P2Y11 agonist, inducing cAMP overproduction in P2Y11‐overexpressing cells. Here we investigated the in vitro effects of P18 on
CMT1A SC. We observed that basal levels of intracellular cAMP ([cAMP]i), a known regulator of SC differentiation and myelination, are
significantly lower in CMT1A SC than in wild‐type (wt) cells. P18 increased [cAMP]i in both CMT1A and wt SC, and this effects was blunted by
NF157, a specific P2Y11 antagonist. Prolonged treatment of organotypic dorsal root ganglia (DRG) cultures with P18 significantly increased
expression of myelin protein zero, a marker of myelin production, in both CMT1A and wt cultures. Interestingly, P18 decreased the content of
non‐phosphorylated neurofilaments, a marker of axonal damage, only in CMT1A DRG cultures. These results suggest that P2X7 antagonists, in
combinationwith [cAMP]i‐increasing agents, could represent a therapeutic strategy aimed at correcting themolecular derangements causing the
CMT1A phenotype. J. Cell. Biochem. 115: 161–167, 2014. � 2013 Wiley Periodicals, Inc.
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ADP‐ribosyl cyclases (ADPRC) are a family of multifunctional
enzymes that metabolize NADþ and produce several

molecules involved in intracellular calcium signaling and in the
regulation of Ca2þ‐dependent cell functions [Lee, 2001; Koch‐Nolte
et al., 2009]. NADþ is converted by ADPRCs to cyclic ADP‐ribose
(cADPR), mobilizing Ca2þ from intracellular stores [Lee, 2001; Guse,
2005] and to ADP‐ribose, which opens TRPM2 channels with
extracellular Ca2þ influx [Perraud et al., 2001; Sano et al., 2001].
Different ADPRCs, including CD38 (the main ADPRC expressed in
human cells), synthesize three diadenosine homodinucleotides from
cADPR and adenine: diadenosine 50,5000‐P1, P2‐diphosphate (Ap2A)

and two isomers thereof (P18 and P24), characterized by an unusual
N‐glycosidic bond between the incoming adenine and ribose [Basile
et al., 2005]. Ap2A and its isomers, despite their structural similarity,
exert different effects on the purinergic receptors P2X7 and P2Y11.
P2X7 is a ligand‐gated ion channel, characterized by two states
of permeability: at high micromolar concentrations of ATP,
P2X7 behaves as a cation‐selective channel. Prolonged exposure
to ATP triggers the transition to a non‐selective pore, permeable to
molecules of mass up to 900Da [Di Virgilio, 1995]. P2Y11 is a G
protein‐coupled purinergic receptor: it is the only purinergic receptor
known to stimulate adenylyl cyclase (AC), with subsequent
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intracellular cAMP production. In addition, P2Y11 is the only
purinergic receptor coupled to both AC and phospholipase C [Qi et al.,
2001]. We demonstrated that P18 behaves as an antagonist of P2X7
[Bruzzone et al., 2010]. Unlike P18, P24 is a partial agonist of P2X7,
eliciting influx of extracellular Ca2þ, without leading to pore
formation [Bruzzone et al., 2010]. Finally, Ap2A is neither an agonist
nor an antagonist of P2X7 [Bruzzone et al., 2010]. Conversely, all
three dinucleotides behave as P2Y11 agonists, inducing cAMP
overproduction in P2Y11‐overexpressing cells [Magnone et al.,
2008].

Charcot‐Marie‐Tooth 1A (CMT1A), a demyelinating hereditary
neuropathy, is associated with a duplication of chromosome
17p11.2, containing the gene encoding peripheral myelin protein
22 (PMP22) [Matsunami et al., 1992]. Results obtained in
experimental CMT1A demonstrate that the increased PMP22 gene
dosage is responsible for the disease [Nobbio et al., 2001; Sereda
et al., 2003; Fledrich et al., 2012; Li et al., 2013]. However, the limited
knowledge of the molecular mechanisms underlying CMT1A has
prevented the development of pathogenetic treatments. Based on
data obtained on a mouse model [Passage et al., 2004], ascorbic acid
(AA) was tested on CMT1A patients, with negative results [Pareyson
et al., 2011].

Schwann cells (SC) regulate neuronal properties by synthesizing
and organizing the peripheral myelin sheath [Pereira et al., 2012].
Primary SC cultures from CMT1A rats (CMT1A SC) develop an
abnormal phenotype, characterized by defective differentiation
and myelination [Nobbio et al., 2004]. Moreover, these cells show
an abnormally high intracellular Ca2þ concentration ([Ca2þ]i),
due to PMP22‐dependent P2X7 overexpression. Decrease of the
[Ca2þ]i with P2X7 antagonists or through P2X7 silencing restores
the normal phenotype in CMT1A SC, this establishing a
pathogenetic link between P2X7‐mediated high [Ca2þ]i and SC
impairment [Nobbio et al., 2009]. Treatment of CMT1A SC with P18
reverts the high [Ca2þ]i of these cells to normal values [Bruzzone
et al., 2010].

As CMT1A SC show impaired differentiation [Nobbio et al.,
2004] and cAMP is known to positively regulate SC differentiation
and myelination [Jessen et al., 1991; Monk et al., 2009; Monje
et al., 2010; Guo et al., 2012], we compared the [cAMP]i in wild‐
type (wt) and CMT1A SC. The lower [cAMP]i levels in CMT1A SC
compared to wt cells prompted us to investigate whether P18 was
able to increase the [cAMP]i in SC, as in other cell types [Magnone
et al., 2008], and to establish the effect of chronic treatment with
P18 on the phenotype of organotypic dorsal root ganglia (DRG)
cultures from CMT1A rats. P18 improved myelination in both wt
and CMT1A DRG cultures, as inferred from myelin protein zero
(MPZ) and myelin basic protein (MBP) expression. Interestingly,
P18 also reduced non‐phosphorylated neurofilament (NF) content
of CMT1A cultures, suggesting a beneficial action of the
dinucleotide on the axon.

MATERIALS AND METHODS

MATERIALS
P18 and P24 were produced and purified as in Basile et al. [2005].
Ap2A was synthesized from AMP and HPLC‐purified as described

[Millo et al., 2008]. All other chemicals were obtained from Sigma–
Aldrich (Milano, Italy).

ANTIBODIES
Monoclonal antibodies against MPZ (P07 extracellular domain,
Astexx Ltd. & Co. KEG, Graz, Austria), myelin basic protein (MBP,
MAB 386, Millipore, Milano, Italy), NF H non‐phosphorylated (SMI‐
32) (Sternberger Monoclonals, Inc., Baltimore, MD), total NF (N52,
Sigma–Aldrich) and a‐actin (A3853, Sigma–Aldrich) were used.
Secondary antibody reactions were carried out using antibodies
conjugated to horseradish peroxidase (Santa Cruz Biotechnology,
Santa Cruz, CA).

ANIMAL MODEL
Transgenic Sprague‐Dawley rats overexpressing PMP22 (CMT1A
rats) were genotyped by PCR [Sereda et al., 1996]. Heterozygous
animals and wt age‐matched littermates were used. Animal rearing
conditions were consistent with the guidelines of the Italian Ministry
of Health and the study was approved by the San Martino Hospital
Ethical Committee (Genova, Italy).
Primary cultures of SC. Primary SC cultures were isolated from
newborn and adult rat sciatic nerves, as previously described [Brockes
et al., 1979; Nobbio et al., 2004]. SC were grown in DMEM/F12
medium (Life Technologies) supplemented with 10% fetal calf serum,
penicillin, and streptomycin for 48 h. Cytosine arabinoside (10�5M)
was added after 48 h and the treatment prolonged for further 48 h
resulting in SC cultures that were 99% pure.
Organotypic DRG cultures. Myelinating DRG cultures were
established from wt and CMT1A 15‐day‐old rat embryos, as
previously described [Nobbio et al., 2001]. Embryos were
genotyped from the remaining tissue, and the code was broken
after quantitative evaluation of each culture. After sterile recovery
of the embryos, 35–40 DRG were removed from each one,
pretreated with trypsin (Hank0s solution 0.25), and minced to
provide a suspension of DRG cells in neurobasal medium (Life
Technologies), supplemented with 15% newborn calf serum, AA
(100mg/ml final dilution) and nerve growth factor (5 ng/ml final
dilution). This suspension was plated on a collagen substrate in
flexible molded plastic ACLAR dishes, and 1� 104 cells were
placed in each dish. DRG cultures were grown for 30 days in the
presence of P18 or Ap2A (or the vehicle).

DETERMINATION OF [cAMP]i
Wt andCMT1ASCwere cultured in 60mm� 10mmdishes: themedium
was removed and cells were rinsed twice with 1ml Hank0s balanced salt
solution (HBSS). Cells were treated (or not) with 10mM P18 or P24 or
Ap2A for 15min at 37°C. At the end of the incubation, cells were then
scraped in 300ml water solution: 20ml perchloric acid (9M)was added to
250ml of the cell extract, while the rest of the cell lysate was used for
protein content determination [Bradford, 1976]. Alternatively, wt and
CMT1A SC were exposed to 0.2mM P18 or P24 or Ap2A, adding
newmedia containing (or not) the different compounds every other day.
After 5 days, cells were rinsed with HBSS and acidic cell extracts were
prepared as above. Cell extracts were neutralized as previously described
[Moreschi et al., 2006] and [cAMP]i was measured with a specific ELISA
kit (Cayman, Ann Arbor, MI).

162 A DINUCLEOTIDE IMPROVES MYELINATION IN CMT1A JOURNAL OF CELLULAR BIOCHEMISTRY



WESTERN BLOT EXPERIMENTS
Wt and CMT1A myelinating DRG cultures were treated for 30 days
with 0.2mM P18 or Ap2A (or the vehicle), adding fresh medium
containing the different compounds every other day. To analyze
MPZ expression levels, DRG lysates were prepared in 100ml lysis
buffer (95mM NaCl, 25 mM Tris–HCl, pH 7.4, 10 mM EDTA, 2%
SDS, 0.01% protease inhibitor mixture). Total protein content was
determined by the Bradford assay (Bio‐Rad, Hercules, CA), and
equal amounts of proteins (25mg) were loaded onto a 12%
polyacrylamide gel and separated by SDS–PAGE. Proteins were
transferred to nitrocellulose membrane (Bio‐Rad) and incubated
with the specific primary antibody against MPZ overnight and with
the antibody against a‐actin for 1 h. Following incubation with
the appropriate secondary antibodies and ECL detection (GE
Healthcare, Milano, Italy), band intensity was measured with the
ChemiDoc imaging system (Bio‐Rad) and the amount of MPZ was
expressed relative to a‐actin. For the evaluation of non‐
phosphorylated NF, as a marker of axonal pathologic changes
[Trapp et al., 1998; Nobbio et al., 2006], total lysates of DRG
cultures from wt and CMT1A rats were prepared directly in 70ml of
BUST buffer (0.5% SDS, 8M urea, 2% b‐ME, 0.01% protease
inhibitor cocktail, 0.l M Tris–HCl, pH 6.8). Total protein content
was determined by the Bio‐Rad Protein Detection kit and equal
protein amounts from normal and transgenic animals were loaded
on a 7.5% polyacrylamide gel and separated by SDS–PAGE.
Proteins were transferred to 0.2mm pore sized nitrocellulose
membranes (Amersham, Arlington Heights, IL), which were
incubated with a primary antibody towards non‐phosphorylated
NF (SMI32) overnight, or with an antibody towards total NF (N52)
for 1 h. Following incubation with the appropriate secondary
antibodies and ECL detection (GE Healthcare), band intensity was
measured with the ChemiDoc imaging system (Bio‐Rad) and
the amount of non‐phosphorylated NF was expressed relative to
total NF.

IMMUNOCYTOCHEMISTRY
Wt and CMT1A myelinating DRG cultures were treated for 30 days
with 0.2mM P18 (or the vehicle), adding fresh medium containing
the different compounds every other day. DRG cultures were then
fixed for 30min in 4% paraformaldehyde in PBS, permeabilized for
5 min in cold methanol at �20°C and incubated for 1 h in blocking
buffer (10% normal goat serum in PBS). Incubation with the
primary antibodies was performed for 18 h at 4°C with a
monoclonal antibody against MBP (1:100) and a polyclonal
antibody against NFs (1:100) in blocking buffer. After washing,
cells were incubated with the secondary goat anti‐mouse
ALEXA594‐IgG and goat anti‐rabbit ALEXA488‐IgG antibodies
at a 1:250 dilution for 1 h at 25°C. Cell nuclei were stained with
DAPI and ACLAR dishes were sealed on slides. Images were taken
with an Olympus PROVIS AX60 microscope, connected to an
Olympus DP70 digital camera.

STATISTICAL ANALYSIS
All data are expressed as mean� SD. Differences between two groups
were determined using unpaired Student0s t‐test. Multiple‐parameter
comparisons were performed by one‐way ANOVA followed by

Bonferroni0s post hoc test. A value of P< 0.05 was considered
statistically significant.

RESULTS

BASAL cAMP LEVELS ARE LOWER IN RAT CMT1A SC THAN IN
WT SC
Since cAMP plays an established role in regulating SC differentiation
and myelination [Jessen et al., 1991; Monk et al., 2009; Monje
et al., 2010; Guo et al., 2012], we compared the basal [cAMP]i in wt
and CMT1A SC. The [cAMP]i was significantly lower (by approxi-
mately 30%) in CMT1A SC than in the wt ones, isolated from sciatic
nerves of 3‐ as well as of 30‐day‐old rats (Fig. 1A).

cAMP LEVELS ARE INCREASED BY P18 IN SC
Presence of P2Y11 in rat cells is controversial [von Kügelgen, 2006],
although its expression has been demonstrated by Western blot and
immunofluorescence staining and by its ATP‐induced functional
activation with consequent cAMP production in rat neutrophils
[Alkayed et al., 2012], bile duct epithelia [Yu et al., 2009], and glial
cells [Brandenburg et al., 2010].

A 15min incubation with 10mMP18, which behaves as an agonist
of human P2Y11 [Magnone et al., 2008], resulted in a significant
[cAMP]i rise (by approximately 1.6‐fold), in both wt and CMT1A SC
(Fig. 1B). Both P18 isomers, Ap2A and P24, act as agonists on the
human P2Y11 purinoceptor, similarly to P18 [Magnone et al., 2008].
When SC were incubated in the presence of 10mM Ap2A for 15min,
[cAMP]i was increased by 1.5‐ and 1.4‐fold in wt and CMT1A SC,
respectively. A similar incubation with P24 resulted in a 4.3‐ and 3.9‐
fold increase of the [cAMP]i in wt and CMT1A SC, respectively (not
shown). The P18‐induced [cAMP]i increase was completely abolished
in the presence of NF157 (Fig. 1B), a specific P2Y11 receptor
antagonist [Ullmann et al., 2005]. This indicates that the P18‐induced
[cAMP]i increase is likelymediated by P2Y11 itself or by a P2Y11‐like
receptor in SC. Moreover, a 5‐day incubation with 0.2mM P18 was
sufficient to significantly increase [cAMP]i in wt and in CMT1A SC
(Fig. 1C).

P18 IMPROVES THE PATHOLOGICAL PHENOTYPE OF CMT1A DRG
CULTURES
Thus, P18 appears to possess a double‐faced action: on one side, it
lowers the [Ca2þ]i to normal values in CMT1A SC [Bruzzone
et al., 2010], and, on the other hand, it increases the [cAMP]i in the
same cells. We next investigated whether treatment with P18 could
ameliorate myelination in organotypic DRG cultures from wt and
CMT1A rats; these cultures replicate the “in vivo” setting obtained by
exposing neurons to the same compound(s) as SC [Mithen et al., 1982;
Melli andHöke, 2009]. DRG cultures were incubated for 4weeks in the
presence of 0.2mM P18, replacing the medium with the compound
and/or the vehicle every other day. The two structural isomers of P18,
Ap2A, and P24 (both at 0.2mM), were used as controls: P24 is a P2X7
agonist, whereas Ap2A is neither an agonist nor an antagonist of
P2X7 [Bruzzone et al., 2010]; P24 and Ap2A also behave as P2Y11
agonists, inducing cAMP overproduction in P2Y11‐overexpressing
cells [Magnone et al., 2008]. The effect of the compounds on
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myelination was assessed by Western blot analysis of MPZ (Fig. 2),
taken as a marker of myelin production. P18 significantly increased
MPZ expression levels both in wt and in CMT1A cultures (Fig. 2A).

P24 proved to be toxic on DRG cultures, confirming earlier results
on different cell lines [Basile et al., 2005; Bruzzone et al., 2007],
including primary SC cultures [Bruzzone et al., 2010]. Ap2A did not
induce any significant modification ofMPZ synthesis, in either the wt
or the CMT1A cultures (Fig. 2B).

Next, the positive effect of P18 on myelination was confirmed by
immunohistochemistry on DRG cultures. As shown in Figure 3,

morphologic examination of P18‐treated CMT1A DRG cultures
immunostained for MBP clearly showed a higher density of
myelinated segments, in comparison with CMT1A DRG cultures
(showing a similar density of NFs and nuclei) exposed to the vehicle
alone. Conversely, P18 did not affect myelination, as evaluated by
MBP immunostaining, in wt DRG cultures (Fig. 3).

Moreover, as axonal pathology almost invariably develops in
CMT1A patients and axonal damage and loss are definitely present in
CMT1A DRG cultures [Nobbio et al., 2006], we analyzed the effect of
P18 on axonal features. The amount of non‐phosphorylated NF,
evaluated by Western blot analysis, was used to assess the degree of
axonal damage [Nobbio et al., 2006]. Interestingly, P18 significantly
reduced non‐phosphorylated NF content only in pathological
cultures, whereas it did not significantly affect non‐phosphorylated
NF content in wt cultures (Fig. 4). Chronic exposure to Ap2A did not
modify the non‐phosphorylated NF content either in CMT1A cultures
or in the wt ones (not shown).

Fig. 2. Effect of P18 and Ap2A on MPZ expression in wt and CMT1A DRG
cultures. Wt and CMT1A DRG cultures were treated or not (vehicle) for 4 weeks
with 0.2mM P18 (A) or Ap2A (B). MPZ expression was evaluated in DRG culture
lysates byWestern blot analysis and normalized toa‐actin levels. Representative
Western blots are shown; results in the graph indicate the mean� SD from five
experiments. Multiple‐parameter comparisons were performed by one‐way
ANOVA followed by Bonferroni0s post hoc test. �P< 0.05; ��P< 0.01.

Fig. 1. The [cAMP]i levels are lower in CMT1A than in wt SC, and P18 increases
[cAMP]i levels in wt and CMT1A SC. A: The [cAMP]i levels were measured in wt
and CMT1A SC isolated from newborn (3 day‐old, n¼ 10) or from adult (30
day‐old, n¼ 7) rats. �P< 0.05 compared to the corresponding wt. B: Wt and
CMT1A SC were preincubated with or without 1mMNF157 for 45min and then
treated (or not) for 15min with 10mM P18. Results are expressed as relative to
untreated cells and are the mean� SD of six determinations on different
cultures. �P< 0.05 compared to untreated SC. C: SC cultures were treated (or
not) with 0.2mM P18 for 5 days. At the end of each incubation, SC were lysed
and the [cAMP]i was evaluated by ELISA assay. Results are expressed as relative
to untreated cells and are the mean� SD of six determinations on different SC
cultures. �P< 0.05 compared to untreated SC.
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DISCUSSION

In our previous study, we reported that the P2X7 receptor is
overexpressed in CMT1A SC, causing an abnormally high [Ca2þ]i in
these cells. Correction of the elevated [Ca2þ]i levels restored normal

migration, CNTF release, and in vitro myelinating capacity in CMT1A
SC [Nobbio et al., 2009].

As myelination is subjected to both negative and positive controls
[Jessen and Mirsky, 2008], and in CMT1A SC exhibiting a clear
abnormal phenotype [Nobbio et al., 2004] we observed an

Fig. 3. Effect of P18 on myelination in wt and CMT1A DRG cultures. Wt and CMT1A DRG were allowed to myelinate for up to 4 weeks, in the presence (or absence, vehicle) of
0.2mM P18. Immunocytochemistry for MBP on DRG cultures was then performed. Axons were stained with an anti‐NF antibody and nuclei were stained with DAPI.

Fig. 4. P18 reduces non‐phosphorylated NF content in CMT1A DRG cultures. Wt (A) and CMT1A (B) DRG cultures were treated for 4 weeks with 200 nM P18 and assessed by
Western blot analysis for non‐phosphorylated NF (SMI32) content or for total NF (N52). A representative Western blot analysis is shown. The amount of non‐phosphorylated NF
was expressed relative to total NF in the graph and results indicate the mean� SD from eight determinations. ns, not significant; �P< 0.05.
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overerepresentation of negative myelin regulators as purinergic
signaling (P2X7) and [Ca2þ]i, we checked also for [cAMP]i, due to
increasing evidence pointing to cAMP as a key regulator of SC
differentiation and function and peripheral myelination [Jessen et al.,
1991; Monje et al., 2010; Guo et al., 2012]. Our results show
significantly lower cAMP levels in primary cultures of CMT1A SC
compared to the wt ones (Fig. 1), further supporting the impaired
differentiation of these transgenic cells. Through experiments
performed on a murine SC line (MSC80), it was suggested that
PMP22 expression is controlled by the presence of a cAMP
response element, which acts as a silencer in the absence of cAMP
[Sabéran‐Djoneidi et al., 2000]. AA treatment resulted in substantial
amelioration of the CMT1A phenotype, and reduced the expression of
PMP22 in a mouse model of CMT1A [Passage et al., 2004]. The AA
effect was attributed to the reduced [cAMP]i content in AA‐treated
MSC80 cells, likely as a consequence of the AA‐inducedAC inhibition
[Kaya et al., 2007]. Our data demonstrate that cAMP levels are in fact
significantly lower in CMT1A SC than in wt cells, although PMP22
gene is overexpressed in CMT1A SC. Thus, our results seem to rule
out the possibility that endogenous cAMP acts as a physiological
regulator of PMP22 expression in CMT1A SC.

We treated DRG cultures with P18, a newly identified P2X7
antagonist/P2Y11 agonist, capable of concomitantly reverting the
[Ca2þ]i levels of CMT1A SC to normal [Bruzzone et al., 2010] and
increasing their [cAMP]i (Fig. 1). Interestingly, P18 was effective in
improving myelination, as assessed by Western blot analysis of MPZ
levels and MBP staining (Figs. 2 and 3). Since P18 has antagonistic
properties toward P2X7 but is also an agonist of P2Y11 which is the
only P2 receptor known to mediate cAMP dependent signalling [Qi et
al., 2001], we verified whether the beneficial effect of P18 in
ameliorating myelination might be due, at least in part, to the P2Y11‐
mediated increase of cAMP levels. The fact that Ap2A, a P18 isomer
which induces a P2Y11‐mediated [cAMP]i increase (see Results
Section), without modifying the [Ca2þ]i [Bruzzone et al., 2010], does
not improve myelination, underscores the importance of P2X7
inhibition in the P18‐induced effects in DRG cultures.

Interestingly, P18 impacts on axonal sufferance of CMT1A DRG
cultures, as deduced from its lowering effect on non‐phosphorylated
NF (Fig. 4). The failure of Ap2A to lower non‐phosphorylated NF in
CMT1A cultures, despite its ability to increase the [cAMP]i (see above),
demonstrates that the P18 effect in reducing non‐phosphorylated NF
content is not related to its ability to increase the [cAMP]i in SC.

The capacity of P18 to reduce axonal damage in CMT1A DRG
cultures, suggests its possible utilization also for treatment of
traumatic nerve injury and/or neuropathic pain, where involvement
of P2X7 has indeed been already demonstrated, and to prevent or
treat axonal damage in other demyelinating neuropathies [Fulgenzi
et al., 2008; Perez‐Medrano et al., 2009; Andó et al., 2010; d0Ydewalle
et al., 2012].

In conclusion, our findings might suggest new therapeutic options
for treatment of CMT1A, a condition for which no pathogenetic
treatment is as yet available [Schenone et al., 2011; Li et al., 2013].
Recently, with a high‐throughput approach [Jang et al., 2012], a
number of drugs have been found to decrease PMP22 expression in
culture, but none of them is applicable or ready for use in humans.
Progesterone antagonists, which are effective in treating a rat model

of CMT1A, have not yet been tested in human trials [Sereda et al.,
2003; Meyer zu Horste et al., 2007; Schenone et al., 2011; Li et al.,
2013]. AA, which held some promise to treat patients affected by
this neuropathy, proved to be ineffective in several clinical trials
[Pareyson et al., 2011].

Our results suggest that antagonizing the purinergic receptor
P2X7, possibly in combination with [cAMP]i‐increasing agents,
might represent a promising strategy for the therapy of CMT1A
patients.

REFERENCES
Alkayed F, Kashimata M, Koyama N, Hayashi T, Tamura Y, Azuma Y. 2012.
P2Y11 purinoceptor mediates the ATP‐enhanced chemotactic response of rat
neutrophils. J Pharmacol Sci 120:288–295.

Andó RD,Méhész B, Gyires K, Illes P, Sperlágh B. 2010. A comparative analysis
of the activity of ligands acting at P2X and P2Y receptor subtypes in models
of neuropathic, acute and inflammatory pain. Br J Pharmacol 159:1106–
1117.

Basile G, Taglialatela‐Scafati O, Damonte G, Armirotti A, Bruzzone S, Guida L,
Franco L, Usai C, Fattorusso E, De Flora A, Zocchi E. 2005. ADP‐ribosyl
cyclases generate two unusual adenine homodinucleotides with cytotoxic
activity on mammalian cells. Proc Natl Acad Sci USA 102:14509–14514.

Bradford MM. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein‐dye binding.
Anal Biochem 72:248–254.

Brandenburg LO, Jansen S, Wruck CJ, Lucius R, Pufe T. 2010. Antimicrobial
peptide rCRAMP induced glial cell activation through P2Y receptor signalling
pathways. Mol Immunol 47:1905–1913.

Brockes JP, Fields KL, Raff MC. 1979. Studies on cultured rat Schwann cells. I.
Establishment of purified populations from cultures of peripheral nerve. Brain
Res 165:105–118.

Bruzzone S, Dodoni G, Kaludercic N, Basile G, Millo E, De Flora A, Di Lisa F,
Zocchi E. 2007. Mitochondrial dysfunction induced by a cytotoxic adenine
dinucleotide produced by ADP‐ribosyl cyclases from cADPR. J Biol Chem
282:5045–5052.

Bruzzone S, Basile G, Chothi MP, Nobbio L, Usai C, Jacchetti E, Schenone A,
Guse AH, Di Virgilio F, De Flora A, Zocchi E. 2010. Diadenosine
homodinucleotide products of ADP‐ribosyl cyclases behave as modulators
of the purinergic receptor P2X7. J Biol Chem 285:21165–21174.

Di Virgilio F. 1995. The P2Z purinoceptor: An intriguing role in immunity,
inflammation and cell death. Immunol Today 16:524–528.

d0Ydewalle C, Benoy V, Van Den Bosch L. 2012. Charcot‐Marie‐Tooth disease:
Emerging mechanisms and therapies. Int J Biochem Cell Biol 44:1299–1304.

Fledrich R, Stassart RM, Sereda MW. 2012. Murine therapeutic models for
Charcot‐Marie‐Tooth (CMT) disease. Br Med Bull 102:89–113.

Fulgenzi A, Ticozzi P, Gabel CA, Dell0Antonio G, Quattrini A, Franzone JS,
Ferrero ME. 2008. Periodate oxidized ATP (oATP) reduces hyperalgesia in
mice: Involvement of P2X7 receptors and implications for therapy. Int J
Immunopathol Pharmacol 21:61–71.

Guo L, Moon C, Niehaus K, Zheng Y, Ratner N. 2012. Rac1 controls Schwann
cell myelination through cAMP and NF2/merlin. J Neurosci 32:17251–17261.

Guse AH. 2005. Second messenger function and the structure‐activity
relationship of cyclic adenosine diphosphoribose (cADPR). FEBS J 272:4590–
4597.

Jang SW, Lopez‐Anido C, MacArthur R, Svaren J, Inglese J. 2012.
Identification of drug modulators targeting gene‐dosage disease CMT1A.
ACS Chem Biol 7:1205–1213.

Jessen KR, Mirsky R, Morgan L. 1991. Role of cyclic AMP and proliferation
controls in Schwann cell differentiation. Ann NY Acad Sci 633:78–89.

166 A DINUCLEOTIDE IMPROVES MYELINATION IN CMT1A JOURNAL OF CELLULAR BIOCHEMISTRY



Jessen KR, Mirsky R. 2008. Negative regulation of myelination: relevance for
development, injury, and demyelinating disease. Glia 56:1552–1565.

Kaya F, Belin S, Bourgeois P, Micaleff J, Blin O, Fontés M. 2007. Ascorbic acid
inhibits PMP22 expression by reducing cAMP levels. Neuromuscul Disord
17:248–253.

Koch‐Nolte F, Haag F, Guse AH, Lund F, Ziegler M. 2009. Emerging roles of
NADþ and its metabolites in cell signaling. Sci Signal 2:mr1.

Lee HC. 2001. Physiological functions of cyclic ADP‐ribose and NAADP as
calcium messengers. Annu Rev Pharmacol Toxicol 41:317–345.

Li J, Parker B, Martyn C, Natarajan C, Guo J. 2013. The PMP22 gene and its
related diseases. Mol Neurobiol 47:673–698.

Magnone M, Basile G, Bruzzese D, Guida L, Signorello MG, Chothi MP,
Bruzzone S, Millo E, Qi AD, Nicholas RA, Kassack MU, Leoncini G, Zocchi E.
2008. Adenylic dinucleotides produced by CD38 are negative endogenous
modulators of platelet aggregation. J Biol Chem 283:24460–24468.

Matsunami N, Smith B, Ballard L, Lensch MW, Robertson M, Albertsen H,
Hanemann CO, Müller HW, Bird TD, White R, Chance PF. 1992. Peripheral
myelin protein‐22 gene maps in the duplication in chromosome 17p11.2
associated with Charcot‐Marie‐Tooth 1A. Nat Genet 1:176–179.

Melli G, Höke A. 2009. Dorsal root ganglia sensory neuronal cultures: A tool
for drug discovery for peripheral neuropathies. Expert Opin Drug Discov
4:1035–1045.

Meyer zu Horste G, Prukop T, Liebetanz D, Mobius W, Nave KA, Sereda MW.
2007. Antiprogesterone therapy uncouples axonal loss from demyelination in
a transgenic rat model of CMT1A neuropathy. Ann Neurol 61:61–72.

Millo E, Zocchi E, Galatini A, Benatti U, Damonte G. 2008. Simple synthesis of
P1P2‐diadenosine 50‐pyrophosphate. Synthetic Commun 38:3260–3269.

Mithen FA, Cochran M, Cornbrooks CJ, Bunge RP. 1982. Expression of the
trembler mouse mutation in organotypic cultures of dorsal root ganglia. Brain
Res 256:407–415.

Monje PV, Soto J, Bacallao K, Wood PM. 2010. Schwann cell dedifferentiation
is independent of mitogenic signaling and uncoupled to proliferation: Role of
cAMP and JNK in the maintenance of the differentiated state. J Biol Chem
285:31024–31036.

Monk KR, Naylor SG, Glenn TD, Mercurio S, Perlin JR, Dominguez C, Moens
CB, Talbot WS. 2009. A G protein‐coupled receptor is essential for Schwann
cells to initiate myelination. Science 325:1402–1405.

Moreschi I, Bruzzone S, Nicholas RA, Fruscione F, Sturla L, Benvenuto F, Usai
C, Meis S, Kassack MU, Zocchi E, De Flora A. 2006. Extracellular NADþ is an
agonist of the human P2Y11 purinergic receptor in human granulocytes. J Biol
Chem 281:31419–31429.

Nobbio L, Mancardi G, Grandis M, Levi G, Suter U, Nave KA, Windebank AJ,
Abbruzzese M, Schenone A. 2001. PMP22 transgenic dorsal root ganglia
cultures show myelin abnormalities similar to those of human CMT1A. Ann
Neurol 50:47–55.

Nobbio L, Vigo T, Abbruzzese M, Levi G, Brancolini C, Mantero S, Grandis M,
Benedetti L, Mancardi G, Schenone A. 2004. Impairment of PMP22 transgenic
Schwann cells differentiation in culture: Implications for Charcot‐Marie‐
Tooth type 1A disease. Neurobiol Dis 16:263–273.

Nobbio L, Gherardi G, Vigo T, Passalacqua M, Melloni E, Abbruzzese M,
Mancardi G, Nave KA, Schenone A. 2006. Axonal damage and demyelination
in long‐term dorsal root ganglia cultures from a rat model of Charcot‐Marie‐
Tooth type 1A disease. Eur J Neurosci 23:1445–1452.

Nobbio L, Sturla L, Fiorese F, Usai C, Basile G, Moreschi I, Benvenuto F, Zocchi
E, De Flora A, Schenone A, Bruzzone S. 2009. P2X7‐mediated increased
intracellular calcium causes functional derangement in Schwann cells from
rats with CMT1A neuropathy. J Biol Chem 284:23146–23158.

Pareyson D, Reilly MM, Schenone A, Fabrizi GM, Cavallaro T, Santoro L,
Vita G, Quattrone A, Padua L, Gemignani F, Visioli F, Laurà M, Radice D,
Calabrese D, Hughes RA, Solari A, CMT‐TRIAAL, CMT‐TRAUK groups. 2011.
Ascorbic acid in Charcot‐Marie‐Tooth disease type 1A (CMT‐TRIAAL
and CMT‐TRAUK): A double‐blind randomised trial. Lancet Neurol 10:320–
328.

Passage E, Norreel JC, Noack‐Fraissignes P, Sanguedolce V, Pizant J, Thirion
X, Robaglia‐Schlupp A, Pellissier JF, Fontés M. 2004. Ascorbic acid treatment
corrects the phenotype of a mouse model of Charcot‐Marie‐Tooth disease. Nat
Med 10:396–401.

Pereira JA, Lebrun‐Julien F, Suter U. 2012. Molecular mechanisms regulating
myelination in the peripheral nervous system. Trends Neurosci 35:123–134.

Perez‐Medrano A, Donnelly‐Roberts DL, Honore P, Hsieh GC, Namovic MT,
Peddi S, Shuai Q, Wang Y, Faltynek CR, Jarvis MF, Carroll WA. 2009.
Discovery and biological evaluation of novel cyanoguanidine P2X(7)
antagonists with analgesic activity in a rat model of neuropathic pain. J
Med Chem 52:3366–3376.

PerraudAL, Fleig A, Dunn CA, Bagley LA, Launay P, Schmitz C, Stokes AJ, Zhu
Q, BessmanMJ, Penner R, Kinet JP, Scharenberg AM. 2001. ADP‐ribose gating
of the calcium‐permeable LTRPC2 channel revealed byNudixmotif homology.
Nature 411:595–599.

Qi AD, Kennedy C, Harden TK, Nicholas RA. 2001. Differential coupling of
the human P2Y(11) receptor to phospholipase C and adenylyl cyclase. Br J
Pharmacol 132:318–326.

Sabéran‐Djoneidi D, Sanguedolce V, Assouline Z, LévyN, Passage E, FontésM.
2000. Molecular dissection of the Schwann cell specific promoter of the
PMP22 gene. Gene 248:223–231.

Sano Y, Inamura K, Miyake A, Mochizuki S, Yokoi H, Matsushime H, Furuichi
K. 2001. Immunocyte Ca2þ influx system mediated by LTRPC2. Science
293:1327–1330.

Schenone A, Nobbio L, Monti Bragadin M, Ursino G, Grandis M, 2011.
Inherited neurophaties. Curr Treat Options Neurol 13:160–179.

Sereda M, Griffiths I, Pühlhofer A, Stewart H, Rossner MJ, Zimmerman F,
Magyar JP, Schneider A, Hund E, Meinck HM, Suter U, Nave KA. 1996. A
transgenic rat model of Charcot‐Marie‐Tooth disease. Neuron 16:1049–1060.

Sereda MW, Meyer zu Hörste G, Suter U, Uzma N, Nave KA. 2003. Therapeutic
administration of progesterone antagonist in a model of Charcot‐Marie‐Tooth
disease (CMT‐1A). Nat Med 9:1533–1537.

Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mörk S, Bö L. 1998. Axonal
transection in the lesions of multiple sclerosis. N Engl J Med 338:278–285.

Ullmann H, Meis S, Hongwiset D, Marzian C, Wiese M, Nickel P, Communi D,
Boeynaems JM, Wolf C, Hausmann R, Schmalzing G, Kassack MU. 2005.
Synthesis and structure‐activity relationships of suramin‐derived P2Y11
receptor antagonists with nanomolar potency. J Med Chem 48:7040–7048.

von Kügelgen I. 2006. Pharmacological profiles of cloned mammalian P2Y‐
receptor subtypes. Pharmacol Ther 110:415–432.

Yu J, Sheung N, Soliman EM, Spirli C, Dranoff JA. 2009. Transcriptional
regulation of IL‐6 in bile duct epithelia by extracellular ATP. Am J Physiol
Gastrointest Liver Physiol 296:G563–571.

JOURNAL OF CELLULAR BIOCHEMISTRY A DINUCLEOTIDE IMPROVES MYELINATION IN CMT1A 167


