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3,4-Diaminopyridine (3,4-DAP) and its phosphate form, 3,4-DAPP have been used efficiently in the past years to
treat muscular weakness in myasthenic syndromes with neuromuscular junctions (NMJs) impairment. Pompe
disease (PD), an autosomal recessive metabolic disorder due to a defect of the lysosomal enzyme a-glucosidase
(GAA), presents some secondary symptoms that are related to neuromuscular transmission dysfunction, resulting
in endurance and strength failure. In order to evaluate whether 3,4-DAPP could have a beneficial effect on this
pathology, we took advantage of a transient zebrafish PD model that we previously generated and characterized.
We investigated presynaptic and postsynaptic structures, NMJs at the electron microscopy level, and zebrafish
behavior, before and after treatment with 3,4-DAPP. After drug administration, we observed an increase in the
number of acetylcholine receptors an increment in the percentage of NMJs with normal structure and amelio-
ration in embryo behavior, with recovery of typical movements that were lost in the embryo PD model. Our
results revealed early NMJ impairment in Pompe zebrafish model with improvement after administration of 3,4-

DAPP, suggesting its potential use as symptomatic drug in patients with Pompe disease.

1. Introduction

Glycogenosis type II (glycogen storage disease type II; OMIM
#232300) is a multisystemic disorder described for the first time in 1932
by the Dutch pathologist Johannes Cassianus Pompe. This pathology,
later named Pompe disease (PD), is an autosomal recessive disorder
caused by mutations in the gene coding for the acid alpha-glucosidase
(GAA) enzyme responsible for breaking down glycogen.

The spectrum of the disease severity encompasses a broad continuum
of phenotypes, going from the severe “classic” form, characterized by
childhood-onset, severe cardiomyopathy, rapidly progressive course
and fatal outcome before two years of age, to the “intermediate” in-
fantile form characterized by milder phenotype, to the juvenile and
adult forms characterized by prevalent involvement of skeletal muscle
with frequent respiratory insufficiency. The extent of residual enzyme
activity generally correlates with disease severity [1-4].

The enzyme replacement therapy (ERT), with the GAA provided via
intravenous infusion, is the only therapy available since 2006, repre-
senting a major milestone in the treatment of PD. The ERT was found to
be most efficacious in the infantile severe form, while not all late onset

cases respond equally well to this treatment [1,3,5,6]. Therefore, the
correction of the skeletal muscle phenotype in late onset cases is still
challenging, revealing a need for more effective therapies [7-9].

Neuromuscular junction (NMJ) function and structure impairment
has been described in the gaa knockout mouse model with both pre- and
postsynaptic pathology, rescued by GAA gene therapy. NMJ involve-
ment may contribute to the PD phenotype, in particular to the fatigue
complained by patients with LOPD (late-onset PD) during daily activ-
ities [10-13].

Primary NMJ diseases include Myasthenia gravis, Lambert-Eaton
myasthenic syndrome (LEMS), neuromyotonia and congenital myas-
thenic syndromes; however, NMJ impairment has been also observed in
spinal muscular atrophy (SMA), Charcot-Marie-Tooth (CMT), amyo-
trophic lateral sclerosis (ALS) and myotubular/centronuclear myopathy
[14].

Taking advantage of the drug repurposing strategy, aimed at iden-
tifying new uses of already approved drugs, and of the zebrafish PD
animal model [15], we proposed to use the Amifampridine phosphate,
also called 3,4-Diaminopyridine phosphate (3,4-DAPP) or Firdapse, to
address the NMJ dysfunction in PD patients. 3,4-DAPP is the only
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approved therapy for adult patients with LEMS by the Food and Drug
Administration (FDA) and by the European Medicines Agency (EMA),
and is also recognized as an orphan drug (see Orphanet definitions of
orphan drugs at: https://www.orpha.net/consor/cgi-bin/Educati
on_AboutOrphanDrugs.php?Ing=EN) for the treatment of patients with
myasthenia gravis [16-18].

The principal effect of 3,4-DAPP is to block potassium channels in
nerve terminals at the presynaptic level of the NMJ, resulting in a pro-
longed action potential and a longer depolarization. As a result of this
protracted depolarization, the voltage-gated calcium channels remain
open longer than usual and increase the entry of calcium into the nerve
terminal, facilitating membrane fusion events and thus leading to
increased acetylcholine (ACh) discharge from motor neuron presynaptic
terminal [19]. This neurotransmitter diffuses across the synaptic cleft
and binds acetylcholine receptors (AChRs), a key molecular component
positioned at the postsynaptic muscle membrane. The binding of ACh to
AChRs is responsible for the generation of the endplate potential (EPP)
which, exceeding the threshold potential necessary to activate
voltage-gated sodium channels, triggers a muscle action potential,
causing muscle contraction [20].

Zebrafish (Danio rerio) has been used as a model for drug discovery
since the beginning of the twenty-first century and has successively
become an attractive tool even for drug repurposing. Drug administra-
tion is simplified in this model being achieved through the aqueous
environment, and the efficacy, bioavailability and toxicity can be readily
determined. Moreover, the embryos are easy to handle and can be
genetically manipulated by morpholino antisense oligonucleotide,
mRNAs, transgenes, and genome editing techniques such as Clustered
Regularly Interspersed Palindromic Repeats (CRISPR)-Cas9, Transcrip-
tion Activator-Like Nucleases (TALENs), and Zinc Finger Nucleases
(ZFNs) [21,22].

In a previous work, we have characterized a knockdown zebrafish
Pompe disease model, generated by transiently knocking down gaa
expression using antisense morpholino oligonucleotides (MO) [15]. Our
zebrafish transient model of PD shows several pathological character-
istics recapitulating PD features, especially evident in embryos injected
with a MO targeting the splice site between intron 9 and exon 10, close
to the catalytic site of the Gaa protein (I9E10gaa-MO). Accumulation of
glycogen content within the muscle fiber, the most known hallmark of
PD, was noted in embryos injected with this specific MO (morphants); in
addition, markedly altered motor behavior and altered expression of
autophagy-related transcripts and proteins were observed. In this
context, our zebrafish Pompe disease model is an amenable tool for
investigating the effects of 3,4-DAPP as a drug with potential thera-
peutic efficacy in PD.

In the present study, we assessed efficacy of 3,4-DAPP treatment on
both neuromuscular junction (NMJ) morphology and muscle perfor-
mance in zebrafish PD embryos, by investigating neuromuscular junc-
tion structure at the optical and electron microscopy level, and motor
behavior by quantification of spontaneous coiling activity and touch
evoked motility test.

2. Materials and methods
2.1. Animal care

Zebrafish were raised and maintained at the University of Milan
facility.

The study was approved by the animal ethics committee of the
University and carried out at the University of Milan facility. Animals
were injected according to the principles of Good Animal Practice as
defined by Italian animal welfare regulations. All experiments were
performed on embryos and larvae (AB strain) within 5 days post fertil-
ization (dpf), thus not subject to animal experimentation rules according
to European and Italian directives.
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2.2. Embryo maintenance

The adult fish were maintained at 28 °C on a 14 h light/10 h dark
cycle and mated in order to collect the embryos to be used. The embryos
collected were staged according to Kimmel et al. [23]. For the
whole-mount immunofluorescence experiments, the embryos were
raised in 0.003% 1-phenyl-2 thiourea (Sigma-Aldrich) to avoid
pigmentation.

2.3. Morpholino injections

Characterization of the zebrafish PD model (including use of
different morpholinos and variable concentrations, concentration cho-
sen for experimental procedures, variability of phenotypes obtained,
etc.) is reported in Bragato et al. [15]. For the present study, zebrafish
gaa was knocked down by the use of a splicing morpholino oligonu-
cleotide, called I9E10gaa-MO (5'-tgtgattttcttgtttacagGACAT-3'),
directed against the splice site present between intron 9 and exon 10,
close to the region encoding the catalytic site of the Gaa protein [15].

After timed mating of adult zebrafish, fertilized eggs were collected
and injected at the 1 or 2-cell stage using an Eppendorf TransferMan
NK2 micromanipulator (Eppendorf). Embryos were injected with either
I9E10gaa-MO (1 pmol/embryo) and standard control morpholino at the
same concentration (to verify the absence of morpholino-mediated
toxicity) in a volume of 4 nl.

Morpholinos were diluted in Danieau’s solution [24]. Phenol Red
was co-injected as tracer to enable monitoring with a stereomicroscope
Leica MZ FLIII.

Embryos injected with morpholino (morphants) were then allowed
to develop in fish water at 28 °C up to the stage of interest.

2.4. 3,4-DAPP treatments

A range of concentrations of 3,4-DAPP, starting from 20 micromolar
(uM) to 2 mM, was tested in embryos at 60% of epiboly stage and an
increase in myoclonus movements (brief involuntary movements) was
observed in a dose dependent manner. The 3,4-DAPP concentration to
be used was chosen by analyzing spontaneous movements in I9E10gaa-
MO injected embryos that, after drug treatment, had to be similar to
STD-Ctrl embryos (Supplementary Fig. 1).

3,4-DAPP was diluted in 20 ml of fish water at the chosen concen-
tration, administered to chorion deprived embryos, and replaced freshly
every day till the required experimental stage.

Chorion deprivation was obtained in order to avoid a possible pro-
tection by the chorion itself, by the use of Pronase E (EC 3.4.24.4) from
Sigma-Aldrich (Germany).

2.5. AChR labeling

Morphants at the stage of 48 h post fertilization were fixed in 4%
para-formaldehyde solution (PFA) and a-bungarotoxin («-BTX) labeling
was performed.

For this experiment 32 standard control embryos, 30 untreated
I9E10gaa-MO embryos and 31 I9E10gaa-MO embryos treated with 50
uM 3,4-DAPP, were used.

Morphants were incubated for 30 min at room temperature in 10 g/
ml Rhodamine-conjugated a-BTX (Sigma-Aldrich, Saint Louis, MO,
USA), diluted in BSA-PBS-Triton (5% normal bovine serum, and 1%
Tween in PBS-Triton), washed in PBS-Triton, mounted in glycerol and
observed under a Leica confocal microscope equipped with hybrid and
argon lasers (Leica Microsystems, Wetzlar, Germany).

For acquisition, the tail of 48 hpf embryo (about 20 um thick), was
divided into 25 frames, covering a 0.8 ym area in z. The maximum
projection was generated successively using 5 frames, starting from the
frame number 1 to number 5, and from the left side of the embryo.

To quantify the a-BTX level, the red signal area was calculated on
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each confocal z-stack by means of Fiji software version 2.0 (http://rsb.in
fo.nih.gov/nih-image/) on micrographs taken at the same exposure
conditions [25].

2.6. Myofiber cultures

Myofiber preparations from 3 dpf larvae were obtained as previously
described [26]. Briefly, larvae were dissociated in 10 mM collagenase
type I (Sigma) for 90 min at RT. Larvae were triturated every 30 min.
Dissociated preparations were re-suspended in COs-independent media
(Gibco), passed through a 40 mm filter (Falcon), and plated onto glass
coverslips pre-coated with poly-L-lysine (Sigma). Cells were stained
using a-bungarotoxin (Invitrogen, 1:100 in PBST), which binds to the
nicotinic acetylcholine receptor at the postsynaptic side of NMJs, and
Alexa-Fluor 488 phalloidin (1:10; Life Technologies), which binds to all
variants of actin filaments, for 40 min. Phalloidin, a highly selective
bicyclic peptide, was used to determine the myofiber morphology.

2.7. Immunohistochemistry

All antibodies were diluted in blocking solution (5% w/v bovine
serum albumin [BSA] in phosphate buffered saline [PBS] plus 0.1%
Tween20).

After 2 h fixation in 4% PFA at room temperature (RT), embryos
were washed 5 times for 5 min in 0.1% PBS-Tween, rinsed in water,
permeabilized for 7 min in cold acetone, rinsed in water, washed 5 times
for 5 min in 0.1% PBS-Tween, incubated in NH4CI solution for 30 min at
room temperature, blocked for 3 h at room temperature in blocking
solution and then incubated overnight at 4 °C with primary antibody
directed against the synaptic vesicle glycoprotein 2 A (SV2A). The sec-
ond day, embryos were washed 5 times for 10 min in 0.1% PBS-Tween,
then every 2-3 h with blocking solution at RT on a shaker until incu-
bation in the secondary antibody overnight at 4 °C. The third day em-
bryos were washed 3 times for 5 min in 0.1% PBS-Tween at RT.

Mouse anti-synaptic vesicle glycoprotein 2A (SV2A) recognizing all
the three isoforms: SV2A, SV2B and SV2C (DSHB, Developmental
Studies Hybridoma Bank, Iowa City, Iowa, USA), diluted 1:200, was
used.

As secondary antibody, Alexa 488-conjugated goat anti-mouse IgG
(Invitrogen Life Technologies, Carlsbad, CA, USA) diluted 1:1000, was
used.

The labeling of AChRs with a-bungarotoxin was previously described
[27]. Briefly, after incubation with primary and secondary antibody,
embryos were incubated for 30 min at room temperature in 10 g/ml
Alexa 547-conjugated o-BTX (Sigma-Aldrich, Saint Louis, MO, USA)
diluted in BSA-PBS-Triton (5% normal bovine serum, and 1% Tween in
PBS-Triton), washed in PBS-Triton, and mounted in glycerol.

2.8. Morphological characterization of embryo NMJ ultrastructure

In order to observe subtle neuromuscular junction changes, embryos
were fixed, dehydrated, embedded in resin and thin sectioned for elec-
tron microscopy examination. Briefly, zebrafish at 4 dpf were fixed 2 h
in 2.5% glutaraldehyde in sodium phosphate buffer, pH 7.4; left in
buffer overnight at 4 °C; post-fixed 1 h in 2% phosphate-buffered OsO4,
dehydrated in graded ethanol, and embedded in epoxy resins (Electron
Microscopy Sciences, Hatfield, Pennsylvania). Ultrathin sections (70 nm
thick) of zebrafish tails were collected onto grids, stained with uranyl-
less (Electron Microscopy Sciences) and Reynolds solution, and exam-
ined with a FEI Tecnai G2 Spirit electron microscope (FEI Hillsboro,
Oregon, United States).

2.9. Spontaneous tail coiling analyses

Spontaneous tail coiling behavior was evaluated in morphants either
treated with 3,4-DAPP or untreated, and in controls, at 24 hpf. Embryos
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were chorion deprived, anesthetized with Tricaine (3-amino benzoic
acid ethyl ester) (Sigma; A-5040) suspended in fish water (without 3,4-
DAPP), and transferred to a 3.5 mm round petri dish with glass bottom.
After transferring embryos, the Tricaine was replaced with 1.5% low-
melting-point agarose in fish water at 37 °C. Embryos were then ori-
ented with the dorsal side up. Once the agarose solidified, the tail was
gently cleared from agarose and a drop of fish water was added on the
top of the fish.

Spontaneous tail coiling was then recorded during a 30 s time frame
(time resolution 250 frames/us) using a digital camera (Olympus)
mounted on a stereomicroscope (Leica Microsystems). For each embryo,
a video record of the frequency of spontaneous tail coiling, the per-
centage of coilings, which consist of two or more repeated bends of the
trunk before returning to the resting position, the relative number of
contralateral left-right bends or ipsilateral bends, and the angle of
maximum amplitude of tail flexion, was made [28].

2.10. Screening for embryonic motility

Embryos at 3 dpf, either STD-Ctrl (hereinafter called control em-
bryos), or I9E10gaa-MO untreated (hereinafter called morphants) or
I9E10gaa-MO treated with 50 uM 3,4-DAPP (hereinafter called 3,4-
DAPP treated morphants), were subjected to tactile stimulation using
a micro-loader. A gentle impulse was applied to the tail of the embryo
and the reaction was observed (touch-evoked motility test) [29]. Upon
application of the tactile stimulus STD-Ctrl larvae normally swim away
from the source of the impulse, while embryos injected with morpholino
oligonucleotides (morphants) show variably reduced motility, and
morphants treated show an increase in escape behavior.

The results were obtained by observing the embryos under a ste-
reomicroscope equipped with a Leica DCF 480 digital camera and IM50
software (Leica).

2.11. Data analysis

In all experiments, morphants were compared to embryos at the
same developmental stage, injected with the same amount of a control
standard morpholino (controls). A one-way ANOVA statistical analysis
was conducted between morphants, 3,4-DAPP treated morphants and
controls to compare the effects of the 3,4-DAPP treatment. Post hoc
comparison using the Tukey HSD test was reported. Results were
expressed as means (M) and standard deviation (SD). Chi-square test
was used to compare embryos movements, when appropriate. P values
were considered significant: *p < 0.05, **p < 0.01; ***p < 0.001. For
graphs GraphPad Prism software was used, while for figures Adobe
Photoshop was used.

2.12. Quantitation

In order to quantify the a-bungarotoxin (a-BTX) signal level, the red
area expressed as arbitrary units was calculated on each confocal z-stack
by the use of Fiji software version 2.0 (http://rsb.info.nih.gov/nih
-image/) on micrographs taken at same exposure conditions [26].
Briefly, fields occupied by the entire tail of the animal were photo-
graphed from each z-stack and digitalized. Using the software, a
threshold was applied to the photographs to obtain red and black images
with areas positive for o-BTX in red and negative areas in black. The
area positive for a-BTX was calculated as a percentage of the entire
image on each confocal z-stack, and the mean percentage calculated.
The same procedure was repeated for each group of animals, and the
mean percentage calculated (see Bragato et al. [30]).

Myofibers were analyzed on micrographs taken at 40X under a Zeiss
Axioplan2 microscope. The o-BTX signal level was evaluated as
described above. Determination of myofibers length was obtained using
Microscope Software AxioVision Release 4.8.2 (Zeiss, Oberkochen,
Germany).


http://rsb.info.nih.gov/nih-image/
http://rsb.info.nih.gov/nih-image/
http://rsb.info.nih.gov/nih-image/
http://rsb.info.nih.gov/nih-image/

B. Cinzia et al.

Quantification of SV2A/a-BTX co-localization signal was obtained
using the Fiji plugin JaCoP (Just another Colocalization Plugin) analysis
[31]. SV2 was imaged with the 488-green channel, (488 nm laser and
emission between 495 and 519 nm), and o—BTX with the 561-red
channel (556 nm laser and emission between 573 and 600 nm). We
used an internal feature of Leica analysis software to avoid saturation
condition. The measurement of SV2A overlapping with a-BTX, was
calculated on the entire field of images obtained by 5 confocal z-stacks of
the tail of embryos from each experimental group. Thresholds were
automatically calculated by the software and not set by the operator to
avoid biased data. The co-localization measures were reported as
Pearson’s 12 units, and comparisons between the three groups were done
by 1way-ANOVA with post hoc Tukey HDS analysis.

3. Results

3.1. I9E10gaa-morpholino injected embryos displayed phenotypic defects
recapitulating Pompe disease defects

In order to obtain the zebrafish PD transient model which better
recapitulates the disease features, the I9E10gaa-morpholino, at a con-
centration of 1 pmol/embryo, previously characterized in Bragato et al.
[15] was used.

The morphants were divided into C1 to C3 phenotypic classes, [16]
and the morphants pertaining to the C1 and C2 classes were used for the
experiments.

The characteristics of morphants referred to C1 class, were: normal-
appearing morphology and completely formed somites; the traits of
morphants pertaining to C2 class were: partially disrupted somites and
features such as cardiac edema, enlargement of the IV cerebral ventricle
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or both alterations; while C3class included morphants with unformed or
totally disrupted somites [15].

For each experiment, morphants were compared to embryos injected
with a scrambled morpholino (controls) at the same developmental
stage.

3.2. 3,4-DAPP administration improved correct acetylcholine receptors
cluster localization

Morphants were treated with a concentration of 50 pM 3,4-DAPP,
starting from the stage of 60% of epiboly, prior to the neuromuscular
junctions’ formation, which takes place around the 24 hpf develop-
mental stage.

At 48 hpf, injected embryos pertaining to C1 class were stained with
a-BTX, and evaluated under a confocal microscope. The four somites
located immediately after the end of the yolk were chosen for this
analysis (Fig. 1A and B).

There was a significant modification of a-BTX signal at the p < 0.05
level for the three conditions [F(2, 18) = 11.78, p = 0.0005].

Post hoc using the Tukey HSD test indicated that the mean score for
the a-BTX signal in morphants (M = 2129, SD = 416.6) was signifi-
cantly different compared to a-BTX signal both in control embryos
(M = 7904, SD = 3216) and in 3,4-DAPP treated morphants (M = 4818,
SD = 1601).

However, the a-BTX signal in 3,4-DAPP treated morphants showed
no significant change when compared to controls.
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Fig. 1. 3,4-DAPP administration increased density and appropriate spatial positioning of AChRs. (A) Representative image of AChRs («-BTX) in 4 somites of zebrafish
embryos at 48 hpf collected during 3 distinct experiments. STD-Ctrl embryos: n = 32, untreated I9E10gaa-MO: n = 30, and I19E10gaa-MO treated with 3,4-DAPP
50 pM: n = 31, Scale bar = 25 um. (B) Quantification of a-BTX-positive spots in the three experimental groups. (C) Representative image of single myofibers ob-
tained after dissociation from 3 dpf embryos. Scale bar = 30 um. (D,E) Quantification of AChR clusters in dissociated myofibers (D), and of myofiber average length
(E) in the three experimental groups. Note that myofiber average lengths are comparable. Error bars in (B), (D), (E) are SEMs.
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3.3. Single myofibers presented an increased number of acetylcholine
receptor clusters after 3,4-DAPP administration

To support the results obtained by the a-BTX labelling experiment on
whole-mount embryos, single myofibers were evaluated.

Myofibers from 3 dpf larvae pertaining to the three experimental
groups, were dissociated and labelled with a-BTX and Alexa-Fluor 488
phalloidin (Fig. 1C-E).

Also in this case we observed significant differences among the three
experimental conditions [F(2, 51) = 25.43, p < 0.0001].
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In particular, increased numbers of acetylcholine receptor (AChR)
clusters were observed in myofibers pertaining to 3,4-DAPP treated
morphants (M = 2.858, SD = 1.671), compared myofibers of untreated
morphants” (M = 1.467, SD = 0.4492).

Myofibers from both treated and untreated morphants, showed a
significant decrease in AChR clusters compared to control embryos
(M = 7.411, SD = 4.187).
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Fig. 2. 3,4-Diaminopyridine phosphate administration increased pre- and postsynaptic signal co-localization. (A) Representative confocal fluorescence maximum
projection images of SV2A (green) and a-BTX (red) signal in 5 spinal hemisegments and somites in embryos at 48 hpf. The images are representative of those found in
n =10 embryos for each experimental group (controls, morphants and 3,4-DAP treated morphants), during 3 distinct experiments. Scale bar = 25 um. (B-D)
Quantification of the SV2A (B) green signal, the a-BTX (C) red signal, and the co-localization signal (D). Error bars are SEMs. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. 3,4-DAPP administration showed effects on co-localization of pre-
and postsynaptic elements

Anti-SV2A antibody and fluorescent a-BTX staining were used to
analyze pre- and postsynaptic elements in 15 embryos for each group
(controls, morphants and 3,4-DAPP treated morphants) at 48 hpf,
collected during 3 different experiments (Fig. 2A).

The presynaptic SV2A signal was not significantly increased in 3,4-
DAPP treated morphants compared to both morphants and control
embryos, nor it was in morphants, compared to control embryos
(Fig. 2B).

However, when the postsynaptic o-BTX signal was analyzed,
different results were obtained confirming the data achieved in the
previous experiments [F(2,9) =7.612, p = 0.0116]. Untreated mor-
phants (M = 488.8, SD = 396.4) showed a significant decrease in the
a-BTX signal compared to both, 3,4-DAPP treated morphants
(M = 2470, SD = 756.4) and controls (M = 2819, SD =1327). In
particular, the 3,4-DAPP treated morphants showed an a-BTX signal
comparable to that of the control embryos (Fig. 2C).

When the pre- and postsynaptic signals were analyzed in terms of co-
localization [F(2,12) =10.3, p =0.0025], a significantly higher co-
localization of SV2A and a-BTX signals was observed in 3,4-DAPP
treated morphants (M=0.6198, SD = 0.04430) compared to untreated
morphants (M = 0.4726, SD = 0.03387); a significantly lower in SV2A
and o-BTX co-localization signal was observed in untreated morphants
compared to control embryos (M = 0.5667, SD = 0.06208); while no
significant differences were observed between 3,4-DAPP treated mor-
phants and controls (Fig. 2D).

Motor axon length, number of axonal branches, and distance be-
tween the site from which the axon leaves the spinal cord and the first
branching point were analyzed on the three experimental groups.
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Results obtained from these analyses, performed on confocal maximum
projections fluorescence images of 3,4-DAPP treated morphants, mor-
phants and control embryos, failed to show any significant difference.

3.5. 3,4-DAPP improved neuromuscular junctions’ ultrastructure in
I9E10gaa-morphants

Electron microscopy analysis was carried out on morphants (n = 12),
3,4-DAPP treated morphants (n = 10) and control embryos (n = 10),
collected during 3 experiments.

Untreated morphants showed NMJs with enlarged swollen presyn-
aptic terminals and a convoluted appearance in 46% of the observed
neuromuscular junctions, compared to both, 3,4-DAPP treated mor-
phants, in which only 15% of the NMJ structure appeared altered, and
control embryos, in which none of the NMJs showed morphological
defects (Fig. 3A).

Since 3,4-Diaminopyridine blocks potassium channels in nerve ter-
minals, causing increase in acetylcholine release, the number of
acetylcholine vesicles was assessed [F(2,27) =10.96, p = 0.0003].
NMJs of untreated morphants (M = 25.10, SD = 14.36) were charac-
terized by a significant decrease in acetylcholine vesicle numbers
compared to both, 3,4-DAPP treated morphants (M = 83.10,
SD = 28.14) and control embryos (M = 61.10, SD = 36.71) (Fig. 3B).
Comparison between 3,4-DAPP treated morphants, and control em-
bryos, failed to show any significant difference, although acetylcholine
vesicles present in NMJs of 3,4-DAPP treated morphants were 30% more
of than vesicles present in control NMJs (Fig. 3C).

3.6. Behavioral analyses showed improvement after 3,4-DAPP treatment

The spontaneous coiling of morphants, was assessed in the three
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experimental groups at 24 hpf [F(2,24) = 395.6, p < 0.0001] (Fig. 4).

In control embryos (M = 81.00, SD = 2.872) (Fig. 4A) the tail
reached almost 90° of maximum angle of flexion during spontaneous
movements, while in morphants (M = 42.44, SD = 3.609) (Fig. 4B), the
maximum degrees of flexion reached by the tail was significantly
decreased (Fig. 4C).

After 3,4-DAPP administration (M = 82.33, SD = 3.708), the tail
flexion was similar to controls, and significantly increased compared to
untreated morphants.

Furthermore, 44% of the untreated morphants showed lack of
spontaneous coiling, compared to 29% of 3,4-DAPP treated morphants
and to 22% of control embryos (p = 0.0029, Chi-Square test) (Fig. 4D).

Evaluation of the type of coiling [F(2,24) = 3.792, p = 0.0371], by
means of ipsilateral or left-side contralateral tail movement, showed a
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decrease in ipsilateral coiling in untreated morphants (M = 2.333,
SD = 2.345), compared to 3,4-DAPP treated morphants (M = 6.222,
SD = 2.682) and to control embryos (M = 4.889, SD = 3.887). The
number of contralateral tail coiling was similar in the three experimental
groups (Fig. 4E).

The touch evoked response test, performed in morphants, in 3,4-
DAPP treated morphants and control embryos at 3 dpf, showed that,
in comparison to control embryos, a slight escape attempt was present in
7 out of 30 untreated morphants, as well as a very weak escape
contraction and muscle stiffness. After treatment with 50 pM 3,4-DAPP,
the number of embryos presenting an improvement in escape contrac-
tions increased to 24 out of 30 morphants (Supplementary Fig. 2).
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4. Discussion and conclusion

The drug repurposing strategy offers many advantages over
completely developing a novel drug for a given medical suggestion. The
risk of failure is lower, in particular from a safety standpoint. Further-
more, the drug development time can be reduced, less investment is
needed and, potentially, patients would benefit sooner from a repur-
posed medicine [32].

Different pathologies are often presenting similar defects that hy-
pothetically can be improved by known drugs. We pointed out ami-
fampridine (3,4-Diaminopyridine phosphate) as a possible symptomatic
treatment to be used in PD.

3,4-Diaminopyridine phosphate has been reported to be useful in the
treatment of diseases that are characterized by neuromuscular junction
impairment (NMJ), such as Lambert-Eaton myasthenic syndromes and
Congenital Myasthenic syndromes and more recently Myasthenia gravis
and other pathologies in humans [14,33-35].

In this regard, NMJ alterations in PD may be considered as contrib-
utors to the disease phenotype and progression [13]. Such changes are
probably uncorrectable by ERT administration to muscle, as muscle
glycogen normalization by ERT would be ineffective in restoring motor
endplate function, particularly in later stages of the disease. Therefore,
we envisaged that a possible improvement of the NMJ function by 3,
4-DAPP would ameliorate fatigue and motor function in PD patients.

Even though ERT has been shown to be efficacious in the treatment
of infantile patients, there is a huge unmet medical need to ameliorate
the skeletal muscle condition in late onset Pompe disease patients,
which are much less responsive to this treatment with relevant disabil-
ities [7-9,36].

In our previous paper, we demonstrated that the zebrafish PD model
is a suitable, rapid and low cost tool both for investigating pathogenic
mechanisms of the disease and for testing compounds with therapeutic
potential. We now confirm our previous assumptions and demonstrate
that indeed the zebrafish PD model recapitulates most aspects of the
disease found in humans, including defects of the NMJ, and that the
model is useful to test a compound such as 3,4-DAPP.

We were able to detect NMJ abnormalities by two different methods
using a-BTX to determine AChRs clusters in whole-mount embryos and
in dissociated myofibers and by measuring co-localization of a presyn-
aptic marker with «-BTX. This was further confirmed by ultrastructural
analysis of the end plates, which showed an increase in abnormally
swollen motor nerve terminals and significant decrease in acetylcholine
vesicle numbers in NMJ of gaa morphants. By confocal microscopy at 48
hpf, we observed a conserved conformation of presynaptic structures (i.
e. number and conformation of terminal branching), while the post-
synaptic structures, as expected, were altered, and changes were
appreciable even by confocal microscopy. We believe that post-synaptic
changes are more severe and, therefore, evident at earlier stages and
with less sensible morphological methods, while presynaptic changes
are subtler and perceptible only at later stages (i.e. at 4 dpf) and with
more sensible methods such as electron microscopy.

The reason why, in the present work, we performed confocal mi-
croscopy analysis in embryos at 48 h post fertilization, and electron
microscopy in 4 day-old embryos, was due to the fact that acceptable
immunohistochemistry results by confocal microscopy would not be
obtainable in 4 day-old embryos, based on the intricate pattern of
motorneurons that are present at this stage. On the other end, ultra-
structural studies had to be performed in 4 day-old embryos in order to
have a complete development of the pathological condition in the
skeletal muscle system.

All our experiments showed that 3,4-DAPP treatment improved NMJ
abnormalities including number and localization of AChR clusters, NMJ
ultrastructural morphology and number of ACh presynaptic vesicles.

Finally, the analysis of motor behavior showed in embryos at 24 hpf
an increase in angle flexion of the tail and in spontaneous coiling
movements after treatment with 3,4-DAPP. We monitored in particular
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this developmental stage because it is a transient period of alternating
spontaneous tail coiling, which starts at 17 h post fertilization, and can
be modified by exposure to a wide range of diverse chemicals and
because the analysis of spontaneous coiling movement has the potential
to discriminate neurotoxic activity [37]; while, later in time, there is a
progressive refinement of locomotor network circuits during the
development, leading to the establishment of organized swimming by 96
hpf [28].

Taken together, our results confirmed that the use of 3,4-DAPP
effectively rescues the impairment related to altered neuromuscular
junctions function in the zebrafish transient Pompe disease model.

Translated to PD patients, we can hypothesize that the 3,4-DAPP
treatment not only has a beneficial action on already formed NMJs,
but can have a therapeutic role even in early NMJs development, hence
suggesting a possible higher effect in the early stages of the infantile-
onset PD.

Moreover, our results further suggest the inclusion of Pompe disease
in the group of pathologies, at least in part characterized by NMJs
deterioration, and potentially improved with drugs targeted to the NMJ
itself.

Hence, based on our results, we propose 3,4-Diaminopyridine
phosphate as symptomatic treatment in infantile- and late-onset
Pompe disease patients to improve muscle weakness and fatigability.

The fact that 3,4-DAPP is a drug already approved by Food and Drug
Administration (FDA) and by the European Medicines Agency (EMA),
will make it easier and accessible to PD patients, improving efficiently
the quality of life for themselves and their families.
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