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Chronic disability in multiple sclerosis is linked to neuroaxonal degeneration. 4-aminopyridine (4-AP) is used and licensed as a

symptomatic treatment to ameliorate ambulatory disability in multiple sclerosis. The presumed mode of action is via blockade of

axonal voltage gated potassium channels, thereby enhancing conduction in demyelinated axons. In this study, we provide evidence

that in addition to those symptomatic effects, 4-AP can prevent neuroaxonal loss in the CNS. Using in vivo optical coherence tom-

ography imaging, visual function testing and histologic assessment, we observed a reduction in retinal neurodegeneration with

4-AP in models of experimental optic neuritis and optic nerve crush. These effects were not related to an anti-inflammatory mode

of action or a direct impact on retinal ganglion cells. Rather, histology and in vitro experiments indicated 4-AP stabilization of

myelin and oligodendrocyte precursor cells associated with increased nuclear translocation of the nuclear factor of activated T cells.

In experimental optic neuritis, 4-AP potentiated the effects of immunomodulatory treatment with fingolimod. As extended release

4-AP is already licensed for symptomatic multiple sclerosis treatment, we performed a retrospective, multicentre optical coherence

tomography study to longitudinally compare retinal neurodegeneration between 52 patients on continuous 4-AP therapy and 51

matched controls. In line with the experimental data, during concurrent 4-AP therapy, degeneration of the macular retinal nerve

fibre layer was reduced over 2 years. These results indicate disease-modifying effects of 4-AP beyond symptomatic therapy and pro-

vide support for the design of a prospective clinical study using visual function and retinal structure as outcome parameters.
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Introduction
4-Aminopyridine (4-AP), an oral potassium channel

blocker, has been used for several years as a treatment for

numerous neurological diseases (Leussink et al., 2018).

Fampridine, an oral prolonged release 4-AP formulation is

approved by the US Food and Drug Administration and

European Medicines Agency for the symptomatic treat-

ment of walking disability (Expanded Disability Status

Scale, EDSS 4–7) in multiple sclerosis, and reportedly

improves motor skills, walking ability and walking speed

(Goodman et al., 2007, 2009, 2010, 2015; Hupperts

et al., 2016). Furthermore, 4-AP has been shown to im-

prove visual function (Horton et al., 2013) and fatigue

(Morrow et al., 2017), as well as cognition and depression

(Broicher et al., 2018). The principally accepted mode of

action for 4-AP in multiple sclerosis is via the blockade of

axonal voltage gated potassium (Kv) channels, thus

enhancing axonal conduction (Bostock et al., 1981). The

blockage of Kv channels is of recent scientific interest; ex-

perimental Kv channel blockade reportedly inhibits T-cell

activation (Schmalhofer et al., 2002), as well as axonal de-

myelination and degeneration, in the context of experi-

mental autoimmune encephalomyelitis (EAE) (Jukkola

et al., 2017). Therefore, we aimed to investigate the neu-

roprotective effects of 4-AP by using highly sensitive

in vivo techniques, including optical coherence tomog-

raphy (OCT) and visual function testing, in experimental

models of optic neuritis and traumatic nerve injury as well

as people with multiple sclerosis.

Material and methods

Cell culture and organotypic slice
culture

Isolation and cultivation of retinal ganglion cells

Retinal cultures were prepared as previously described

(Grozdanov et al., 2010). A detailed protocol is provided in

the Supplementary material. Retinal ganglion cell (RGC) cul-

tures were treated with the indicated concentrations of 4-AP

or ciliary neurotrophic factor (CNTF) as a positive control

and incubated for 7 days, a time point at which apoptosis

already occurred. As a reference for the initially seeded RGC

numbers, some cultures were fixed 2 h after dissociation.

RGCs were fixed for 30 min in 4% paraformaldehyde

(PFA) and stained for bIII-tubulin. RGC numbers per well

were then quantified and counted using a fluorescence

microscope (�200 magnification, Axio Observer D1, Zeiss).

The values represent the mean ± standard error of the mean

(SEM) of six wells per treatment group and two independent

experiments.

Brain slice culture demyelination model

Organotypic slice cultures from the cerebellum were

obtained as described previously (Lepka et al., 2017).

Briefly, the cerebellum of 10-day-old C57BL/6J mice was

dissected and cut into 350 mm sagittal sections using a

McIlwain tissue chopper (Gala Instruments). Slices were dis-

sociated, washed for 15 min and plated on culture inserts
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(Millipore MillicelV
R

-CM). After culturing slices for 7 days

in vitro (5% CO2, 33�C), a 24 h incubation with 0.01, 0.1

and 1 mM 4-AP or 1 mM fingolimod was carried out, fol-

lowed by toxic demyelination with 750 mM S-nitrosogluta-

thione (GSNO) for another 24 h. Morphological analysis

was performed by fluorescence microscopy (BX51,

Olympus).

Preparation of mouse oligodendrocytes

Mouse oligodendrocyte precursor cells (mOPCs) were iso-

lated from the cortex and cerebellum of postnatal Day 2

mice (C57BL/6J mice of either sex). The isolation of cells

was performed using Neural Tissue Dissociation Kit P

(Miltenyi Biotec) according to the manufacturer’s instruc-

tions. Cells were then sorted by magnetic-associated cell

sorting using anti-A2B5 MicroBeads (Miltenyi Biotec).

Cultivation was performed in Dulbecco’s modified Eagle me-

dium (DMEM)/F-12 medium supplemented with 8 mM

HEPES, GlutaMAXTM, 100 U/ml penicillin, 100 lg/ml

streptomycin, B27 (GIBCO Life Technologies), FGF 1:1000

and PDGFa 1:1000 using dishes coated with 0.1 mg/ml

poly-L-lysine (PLL).

Preparation of rat oligodendrocytes

The generation of primary rat OPCs (rOPCs) from postnatal

Day 0 (P0) cerebral rat cortices (Wistar rats of either sex)

was performed as previously described (Gottle et al., 2010).

OPCs were maintained in proliferation-supporting high-glu-

cose DMEM-based Sato medium (Thermo Fisher Scientific)

supplemented with 10 ng/ml recombinant human bFGF

(PeproTech) and 10 ng/ml recombinant human PDGF-AA

(R&D Systems). Alternatively, differentiation was initiated

by Sato medium depleted of growth factors and supple-

mented with 0.5% foetal calf serum (PAA Laboratories).

Immunofluorescence and live cell imaging of

oligodendrocyte precursor cells

Mouse OPCs were seeded in PLL-coated 96-well plates and

incubated for 48 h with or without 4-AP (0, 1, 2.5, or 5

mM 4-AP) to analyse the translocation of nuclear factor of

activated T cells (NFAT). Tumour necrosis factor a (TNF-a)

(10 ng/ml) was used as a positive control. Cells were

washed, fixed with 4% PFA, permeabilized (0.3% TritonTM

X-100) and blocked (RotiV
R

-Immunoblock, Carl Roth).

Staining was performed with NFAT1 antibody (1:125,

Millipore) and Cy3 anti-mouse antibody (1:500, Invitrogen).

For the estimation of mOPC viability, cells were incubated

with 0.1 and 1 mM 4-AP 24 h prior to glutamate treatment.

Viability was quantitated 4 h after glutamate addition by

caspase3 antibody staining (1:400, Cell Signaling), with Cy3

anti-rabbit (1:500, Invitrogen) used as a secondary antibody.

Analysis was performed semi-automatically using a BD

Pathway 855 device (Becton Dickinson).

For the viability assay of rOPCs, cells were seeded in 6-

well plates and treated with 1 mM 4-AP or 5 mM tetraethyl-

ammonium (TEA) in differentiation medium 24 h before

glutamate addition and fixed after 8 h. Staining was

performed with anti-cleaved caspase-3 antibody (1:500, Cell

Signaling). Differentiation analysis was performed by incu-

bating rOPCs for 2 or 8 days in differentiation medium with

1 mM 4-AP before fixation and staining with anti-MBP

(myelin basic protein) antibody (1:500, Millipore). Analysis

of immunofluorescence was performed by fluorescence mi-

croscopy (Carl Zeiss, ZEISS ZEN Digital Imaging).

Calcium live cell imaging was performed by seeding

mOPCs in 96-well imaging plates coated with PLL 24 h be-

fore measurement at 100 000 cells/well. Fura2-AM (5 mM,

Molecular Probes) in Hanks’ balance salt solution was

added 30 min before treatment with 0.1 and 1 mM 4-AP or

vehicle. Measurements were performed with a BD Pathway

855 high-content imaging microscope (Becton Dickinson)

with excitation at 340 nm and 380 nm for ratiometric ana-

lysis. Images were captured every 5 s for 200 s to calculate

the Fura2 ratio.

Animal experiments and
histological analysis

Experimental autoimmune encephalomyelitis-optic

neuritis and treatment with 4-AP and fingolimod

EAE was induced by subcutaneous injection of 200 lg

myelin oligodendrocyte glycoprotein fragment 35-55

(MOG35–55, Biotrend) and 200 ng pertussis toxin (Sigma-

Aldrich) twice (at Days 0 and 2) as previously described

(Dietrich et al., 2018). 4-AP stock solution was prepared at

0.5 M in phosphate-buffered saline (PBS; GIBCO Life

Technologies), fingolimod stock solution at 100 mM in di-

methyl sulfoxide (DMSO, Sigma-Aldrich) and stored at –

80�C until use. Treatment started 1 week before the induc-

tion of EAE by adding 4-AP, fingolimod or both stock solu-

tions for verum therapy or PBS/DMSO alone for vehicle

control to the drinking water. Drinking water was replaced

twice a week, uptake was measured daily, and the concen-

trations of the substances were adjusted to a daily treatment

dose of 12.5 mg/kg body weight 4-AP or 3 mg/kg body

weight fingolimod per day. The clinical EAE score was

graded daily as previously described (Dietrich et al., 2018).

In brief, the following score was used: (0) no disease, (0.5)

mild tail paresis, (1) obvious tail paresis or plegia, (1.5) tail

plegia and no righting reflex, (2) mild signs of hind limb par-

esis with clumsy gait, (2.5) obvious signs of hind limb par-

esis, (3) hind limb plegia (dragging one hind limb behind),

(3.5) hind limb plegia (dragging both hind limbs behind), (4)

mild signs of quadriparesis, (4.5) quadriplegia, and (5) death

or moribund.

T cell proliferation assay

EAE was induced and mice were treated with 4-AP or ve-

hicle as described above. Splenocytes were isolated 14 days

after EAE induction and cultured in RPMI medium, supple-

mented with 5% foetal bovine serum, 1% glutamine, 0,1%

b-mercaptoethanol. T cells were stimulated by MOG35-55

(100, 50, 10, 2 and 0 mg/ml) or CD3 (1 mg/ml) as positive

Neuroprotective effects of 4-AP BRAIN 2020: 143; 1127–1142 | 1129

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/143/4/1127/5820386 by guest on 07 June 2024



control and incubated for 72 h. In the last 24 h of incuba-

tion, proliferation was assessed by bromodeoxyuridine stain-

ing and spectrophotometric analysis using by the BrdU Cell

Proliferation ELISA Kit (colorimetric) (Abcam) according to

the manufacturer’s protocol.

Optic nerve crush

Mice were anaesthetized by intraperitoneal injections of

ketamine (120 mg/kg) and xylazine (16 mg/kg). The left

optic nerve was intraorbitally crushed 1 mm behind the eye-

ball for 10 s using jeweller’s forceps (Hermle) as previously

described (Leibinger et al., 2009). The contralateral optic

nerve served as a control. 4-AP and fingolimod treatment

was performed as described above starting 7 days before the

crush.

Optical coherence tomography in mice

OCT measurements were performed with a SpectralisTM

HRA + OCT device (Heidelberg Engineering) under ambient

light conditions as previously described (Dietrich et al.,

2017, 2018, 2019) and in detail in the Supplementary

material.

Optokinetic response for visual function analysis

Optokinetic response (OKR) analysis was carried out in

mice using a testing chamber and OptoMotryTM software

(CerebralMechanicsTM) (Prusky et al., 2004) assessing the

spatial frequency at 100% contrast as previously described

(Dietrich et al., 2018).

Tissue sampling and histological analysis

Perfusion, tissue sampling and analysis were performed as

previously described (Dietrich et al., 2018) and are reported

in detail in the Supplementary material. At least four sections

of the optic nerve, exclusively of the right eye of each mouse,

were analysed per staining. The entire longitudinal section of

each optic nerve was included for rating and intensity

measurements.

Electron microscopy

For transmission electron microscopy (TEM), mice were sac-

rificed and transcardially perfused with 2% PFA and 2.5%

glutaraldehyde 120 days after immunization. Optic nerves

were dissected and incubated in 2% PFA and 2.5% glutaral-

dehyde at 4�C for 3 h and 1% osmium tetroxide for 2 h.

Acetone at increasing concentrations was used for dehydra-

tion. After the block contrast was applied (1% phospho-

tungstic acid/0.5% uranyl acetate in 70% acetone), a

SPURR embedding kit (Serva) was used according to the

manufacturer’s protocol. An Ultracut EM UC7 (Leica) was

used to obtain ultrathin sections of 70 nm, followed by

staining with lead citrate solution and 1.5% uranyl acetate.

Images were captured at various magnifications using a

TEM H7100/100KV (Hitachi) using a Moroda SIS Camera

system and were subsequently processed by Olympus ITEM

5.0 Software.

Patients

Study population

The effects of an ongoing treatment with 4-AP on retinal de-

generation in multiple sclerosis patients were analysed retro-

spectively by comparing longitudinal OCT datasets from

patients with multiple sclerosis taking 4-AP for amelioration

of walking disability to those from matched multiple scler-

osis patients without 4-AP treatment. The inclusion criteria

were: (i) diagnosis of multiple sclerosis according to the

2010 McDonald criteria (Polman et al., 2011); (ii) availabil-

ity of at least two longitudinal OCT datasets 46 months

apart; and (iii) continuous 4-AP therapy between OCT scans

or a matched control for a 4-AP patient according to the

matching algorithm (see below). The exclusion criteria were

confounding ocular pathologies or insufficient scan quality

according to the OSCAR-IB criteria (Tewarie et al., 2012).

All demographic data were collected and analysed (Table 1).

Controls were identified from the databases of the partici-

pating centres using a predefined hierarchical matching algo-

rithm of seven items to stratify for possible confounders as

follows: (i) multiple sclerosis subtype (relapsing remitting,

primary progressive, secondary progressive); (ii) treatment

with disease-modifying medication (DMT) categories [none,

active (natalizumab, rituximab, alemtuzumab, fingolimod),

baseline (glatiramer acetate, dimethyl fumarate, terifluno-

mide, interferon beta), mitoxantrone/cyclophosphamide];

(iii) disease duration category at baseline OCT (55 years,

5–10 years, 410 years); (iv) peripapillary retinal nerve fibre

layer (RNFL) percentile (477 mm, 77–92 mm, 492 mm); (v)

age category at baseline OCT (18–29 years, 30–39 years,

40–49 years, 550 years); (vi) exact DMT; and (vii) sex.

Items i–iii were mandatory criteria for matching; iv–vii were

optional criteria to decide between several possible matches.

Optical coherence tomography in human patients

The OCT methodology reported is in line with the

APOSTEL recommendations (Cruz-Herranz et al., 2016).

All except one centre used a SpectralisTM OCT (Heidelberg

Engineering) device to obtain OCT scans under ambient

light conditions as previously described (Albrecht et al.,

2012). Data from Johns Hopkins University were obtained

by a spectral-domain Cirrus HD-OCT (model 4000, soft-

ware version 6�0; Carl Zeiss Meditec) as described elsewhere

(Warner et al., 2011). To assess the peripapillary RNFL, we

performed circular ring scans with a diameter of 3.4 mm

(100 A-scans). The centre of the circle was positioned manu-

ally in the middle of the optic disc. High-resolution, horizon-

tal volume scans were centred in the middle of the fovea.

The high-resolution mode was used; all scans had a quality

of at least 20 dB (see Supplementary Table 1 for detailed in-

formation on OCT used at the centres).

Analysis was performed as described above in mice using

automated segmentation by Heidelberg Eye ExplorerTM soft-

ware and an open source segmentation algorithm (Bhargava

et al., 2015) for Spectralis and Cirrus scans, respectively, fol-

lowed by manual correction by a blinded investigator.
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The mean thicknesses were calculated for the peripapillary

RNFL (circular ring scans), as well as the macular RNFL,

ganglion cell inner plexiform layer (GCIPL) (complex of

GCL + IPL) and total retinal thickness were obtained from

volume scans using the 1, 3 and 6 early treatment of diabetic

retinopathy study grid excluding the central 1 mm diameter

area (fovea).

Statistical analysis

All statistical analyses were performed using SPSS Statistics

20.0.0 (IBM) or Prism 5.0 (GraphPad) and are described in

detail in the Supplementary material.

Study approval

Patients

The retrospective clinical study and data contribution was

approved by all local ethics committees and the main study

by the Heinrich-Heine University Düsseldorf (study number

4228R, registration ID 2015114593). Written informed con-

sent was obtained from all patients.

Patients from Düsseldorf, Zürich, San Francisco,

Baltimore, Barcelona, and Munich and Berlin were included

in this retrospective longitudinal study.

Animals

All animal experiments were carried out in female 6-week-old

C57BL/6J mice (Janvier Labs). The procedures were performed

in compliance with the ‘Animal Research: Reporting of In Vivo

Experiments’ (ARRIVE) guidelines, approved by the regional

authorities (State Agency for Nature, Environment and

Consumer Protection; AZ 84-02.4.2014.A059) and conformed

to the Association for Research in Vision and Ophthalmology

(ARVO) Statement for the Use of Animals in Ophthalmic and

Vision Research.

Data availability

All data are available upon request by a qualified researcher.

Results

Clinical score and visual function in
experimental autoimmune
encephalomyelitis-optic neuritis

In the first set of experiments, prophylactic 4-AP treatment

of EAE-optic neuritis (EAEON) in mice was performed using

immunomodulatory treatment with fingolimod as a positive

control (Choi et al., 2011; Rossi et al., 2012). The clinical

score was attenuated when mice were treated with either

Table 1 Demographic and clinical data at baseline visit

4-AP Control Statistics

n 52 51

Agea, years, mean ± SEM 53.23 ± 0.875 50.71 ± 0.852 t(204) = –2.066; P = 0.040; two-tailed

Sexc, % female 65.4 68.6 v2(1) = 0.245; P = 0.621

Multiple sclerosis type

% RRMS 15.4 15.7 v2(2) = 0.571; P = 0.752

% PPMS 38.5 43.1

% SPMS 46.2 41.2

Disease duration, years, mean ± SEM 13.58 ± 0.903 13.45 ± 0.859 t(204) = –0.102; P = 0.919; two-tailed

EDSSb

Mean 4.895 4.610 U = 2824; z = –1.025; P = 0.305

Median 5 4

n 38 41

p-RNFLT tertile

% 1 (577 mm) 30.7 35. v2(2) = 0.611; P = 0.737

% 2 (77–92 mm) 33.7 33.3

% 3 (492 mm) 35.6 31.3

Baseline medication categoryd

% None 51.9 60.8 v2(3) = 3.317; P = 0.345

% Active 21.2 19.6

% Baseline 17.3 15.7

% Mito/cyclo 9.6 3.9

aAge and disease duration were compared using two-tailed t-test.
bThe Expanded Disability Status Scale (EDSS) was compared with the Mann-Whitney U-test.
cAll other parameters were compared using chi-square testing.
dConcomitant disease-modifying therapy category: none, active (natalizumab, rituximab, alemtuzumab, fingolimod), baseline (glatiramer acetate, dimethyl fumarate, teriflunomide,

interferon beta), mitoxantrone/cyclophosphamide (Mito/cyclo).

PPMS = primary progressive multiple sclerosis; pRNFLT = peripapillary RNFL thickness; RRMS = relapsing remitting multiple sclerosis; SPMS = secondary progressive multiple

sclerosis.
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4-AP or fingolimod (Fig. 1A). Similarly, the degeneration of

the inner retinal layer, assessed in vivo by OCT, was reduced

under treatment with 4-AP or fingolimod (Fig. 1B). These

results were in line with the reduced loss of RGCs deter-

mined by post-mortem staining of retinal whole mounts

(Fig. 1C–E). Interestingly, OCT and histology revealed con-

tinuous degeneration of inner retinal layer and RGCs, re-

spectively, which was still ongoing until at least 120 days

(Fig. 1C–E). Visual function, measured by the optokinetic re-

sponse, provided further support on a functional level for

Figure 1 4-AP attenuates MOG35-55-induced EAE in C57BL/6J mice also after withdrawal. (A) Clinical EAE score and (B) degener-

ation of the inner retinal layers of female C57BL/6J EAE mice. (C) Number of RGCs over 120 days of EAE. (D) At 120 days after EAE induction,

eyes were enucleated, retinae were isolated, and RGCs were stained with bIII-tubulin antibody. Scale bar = 50 mm. (E) The bar graph shows the

RGC density 120 days after immunization. (F) The spatial frequency (c/d) reflecting the visual function of EAE mice over 120 days. (G) Spleen

cells from EAE mice, isolated 14 days after immunization, were restimulated with increasing concentrations of MOG35-55, CD3 as positive con-

trol. (H) EAE scores and (I) inner retinal layer (IRL) thickness change with 4-AP withdrawal after 21 days. Substances were administered either

7 days before (d-7), on the same day (d0) or 14 days after (d14) immunization, 4-AP at 250 mg/mouse/day or fingolimod (fingo) at 3 mg/kg body

weight per day. All graphs represent the pooled mean ± SEM; grey dots indicate individual datapoints (A–F, n = 12 animals per group out of three

independent experiments; H and I, n = 8 animals per group out of two independent experiments) with *P5 0.05; **P5 0.01; ***P5 0.001, area

under the curve compared by GEE or ANOVA with Dunnett’s post hoc test for time courses compared to untreated MOG EAE. **P5 0.01;

***P5 0.001, by ANOVA with Dunnett’s post hoc test compared to MOG EAE untreated mice for the bar graph. †Few datapoints out of axis

limits.
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the observed structural atrophy with a similar curve of pro-

gression. Spatial frequency was reduced to 0.24 cycles per

degree (c/d) after 120 days of EAEON, while mice under 4-

AP or fingolimod treatment retained a spatial frequency of

0.28 and 0.29 c/d, respectively (Fig. 1F). Hence, functional

and structural in vivo readouts were in accordance and cor-

responded to the histological findings. To exclude an effect

of 4-AP on the induction of T-cell-mediated immunization,

splenocytes from EAE mice were isolated 14 days after im-

munization and restimulated with MOG35-55 at increasing

concentrations. No significant differences were observed be-

tween vehicle-treated EAE mice and animals pretreated (7

days before immunization) with 4-AP (Fig. 1G).

As fingolimod and 4-AP likely have different modes of ac-

tion, we also investigated the effect of combination therapy

with both drugs in the EAEON. With combination therapy,

an additive beneficial effect was observed, resulting in dimin-

ished mean disability below a clinical score of 0.5 (Fig. 1A).

Inner retinal layer degeneration was almost completely pre-

vented during 120 days of the EAE disease course when

both substances were administered together (Fig. 1B).

As 4-AP is primarily considered a symptomatic treatment

improving axonal signal transduction by blocking potassium

channels, we also treated animals with 4-AP and discontin-

ued the treatment 21 days after MOG35-55 immunization.

Indeed, the clinical disease score indicated a slight decline

after withdrawal, confirming a symptomatic treatment effect

component. However, even after 60 days, EAE scores

remained attenuated in 4-AP-treated mice compared to ve-

hicle-treated EAE control mice (Fig. 1H). To assess the ap-

propriate timing of treatment administration, we compared

the efficacy of 4-AP treatment provided at different time

points during EAE. The clinical EAE scores were still attenu-

ated relative to vehicle treatment when a late prophylactic

4-AP treatment starting at EAE induction (Day 0) or a thera-

peutic treatment at the first peak of disease (Day 14) were

performed, albeit less pronounced than those for early

prophylactic treatment with 4-AP (Day –7) (Fig. 1H).

Interestingly, at 30 and 60 days, inner retinal layer thinning

showed no significant difference between the different treat-

ment starting point paradigms (Fig. 1I).

Optic nerve crush

Optic nerve crush is considered a model of traumatic axonal

injury, thus primarily involving non-inflammatory axonal

damage. As EAEON is a rather inflammatory-driven model,

we used it to gather information about the possible protect-

ive modes of action of 4-AP and fingolimod occurring inde-

pendently of immunomodulatory effects (Fig. 2A). Three

weeks after the optic nerve was crushed in 6-week-old

C57BL/6J mice, the number of RGCs, stained by a bIII-

tubulin antibody (Fig. 2B), was higher in animals under 4-

AP treatment (449± 23.8 cells/mm2) compared to vehicle-

treated controls (362± 22.5 cells/mm2), while prophylactic

fingolimod treatment did not result in enhanced cell survival

(375± 17.5 cells/mm2) (Fig. 2C).

Ganglion cell cultures

To investigate whether the effects of 4-AP treatment resulted

from direct neuroprotective properties, we isolated RGCs

from mouse retinas and cultured the cells for 7 days.

Compared with vehicle treatment, 4-AP treatment did not

lead to improved survival of these axotomized neurons,

while a concentration of 1 mM 4-AP even had toxic poten-

tial (Fig. 2D). RGCs isolated from mice pretreated with 12.5

mg/kg per day 4-AP in vivo for 7 days also showed no

enhanced survival under continued 4-AP therapy in vitro for

another 7 days (Fig. 2E). The functionality of the assays was

verified by treatment with 10 nM CNTF, which significantly

increased RGC survival (Mey and Thanos, 1993).

Optic nerve histology of
experimental autoimmune
encephalomyelitis mice

After 120 days of MOG35-55-induced EAE, optic nerves

were immunolabelled for CD3, Iba1 and MBP (Fig. 3A) to

analyse the effects on T-cell infiltration, microglial activation

and myelin status, respectively. The optic nerves from un-

treated EAE mice showed large areas of demyelination,

while demyelination in EAE mice treated with fingolimod

and 4-AP was significantly reduced. Moreover, immunomo-

dulatory therapy with fingolimod caused a reduction in

microglial activation and the number of T cells in optic

nerves, while 4-AP did not lead to any of these anti-inflam-

matory effects (Fig. 3B).

To confirm the effects of 4-AP on the myelin sheath,

observed by MBP staining, we performed TEM of ultrathin

cross sections to evaluate the ultrastructure of the optic

nerve from sham and EAE mice. Macroscopic analyses

revealed that the prominent decrease of myelinated axons

and destruction of the myelin structure, occurring in EAE

mice 120 days after immunization, was diminished in optic

nerves of mice pretreated (Day –7) with 4-AP. Sham-immu-

nized animals showed a normal myelin configuration

(Fig. 3C). A quantitative analysis of the myelin thickness

revealed a significantly higher myelin-axon ratio in 4-AP

treated, compared to vehicle-treated EAE mice (Fig. 3D).

Brain slice cultures

The potential of 4-AP to protect against demyelination was

confirmed in vitro in brain slice cultures isolated from

C57BL/6J mice. Demyelination was induced by exposure to

the physiological nitric oxide donor GSNO to mimic activa-

tion of microglia, while the slices were treated either with ve-

hicle, 4-AP or fingolimod (Fig. 3E). The degree of structural

white matter and myelin damage was significantly less severe

in 4-AP-treated slices than in control slices, while fingolimod

did not show any protective effects against GSNO-mediated

demyelination. Interestingly, in vitro, concentrations of

1 mM were required to protect myelin structure, while lower

concentrations were ineffective (Fig. 3F)
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Oligodendroglial cell cultures

The effects of 4-AP in EAE, optic nerve crush and in vitro

experiments indicated the involvement of oligodendroglial

cells. Therefore, the protective potential of 4-AP on mOPCs

was analysed using a viability assay. Vehicle-treated mOPCs

displayed rather high caspase activity even under standard

culture conditions, which increased under glutamate-induced

stress. However, compared to vehicle treatment, 4-AP treat-

ment of mOPCs led to significantly reduced caspase activity

both with and without glutamate stress (Fig. 4A).

To investigate the mode of action further, we analysed

the nuclear translocation of several transcription

factors involved in cell survival after 48 h of 4-AP treatment

in mOPCs. We observed no changes for nuclear factor eryth-

roid 2-related factor 2 (Nrf2) (Supplementary Fig. 1).

In contrast, we observed an increased nuclear transloca-

tion of NFAT in these cells at concentrations from 1 mM

4-AP, while increasing concentrations of 4-AP were less ef-

fective (Fig. 4B). As NFAT is dependent on cellular calcium

homeostasis, we used Fura2-based calcium imaging to

investigate this relationship further. 4-AP treatment of

mOPCs resulted in a rapid calcium influx into the cytosol

(Fig. 4C).

To exclude species effects, we also investigated the effects

of rOPCs isolated from Wistar rats. The beneficial effects of

4-AP on the survival of these cells were also detected.

Interestingly, rOPCs demonstrated a lower baseline activation

of caspase-3 in their standard cell culture medium, which was

unaffected by 4-AP. However, similar to mOPCs, treatment

with 1 mM 4-AP significantly reduced the activation of cas-

pase-3 under glutamate stress in rOPCs (Fig. 4D and E).

To investigate whether 4-AP treatment affects the differ-

entiation of OPCs, we performed MBP staining at 2 and 8

days after preparation of rOPCs to assess early and late

differentiation, respectively (Fig. 4F). The differentiation

at both time points was not altered under 4-AP treatment

(Fig. 4G). To analyse the role of potassium channels as

the presumed primary target of 4-AP, we used the Kv

channel blocker TEA, which has targets similar to those

of 4-AP, with both substances blocking a wide range of

Kv channel subtypes. However, incubation with 1 mM

TEA did not lead to any protective effects in rOPCs as

Figure 2 4-AP does not directly affect the neuroprotection of axotomized RGCs. (A) Schematic image of optic nerve crush.

(B) Cells were stained with bIII-tubulin antibody 3 weeks after optic nerve crush. Scale bar = 50 mm. (C) RGC density of C57BL/6J mice 3 weeks

after optic nerve crush. Mice were treated with 4-AP at 250 mg/mouse/day, fingolimod at 3 mg/kg body weight/day or vehicle control.

(D) Survival of isolated RGCs in vitro under 4-AP treatment. (E) RGC survival isolated from C57BL/6J mice pretreated with 4-AP for 7 days (250

mg/mouse/day); CNTF as a positive control. All graphs represent the pooled mean ± standard deviation (SD). Grey dots show individual data-

points (B and C, n = 6 animals per group out of two independent experiments; D and E, eyes from n = 3 mice per group) with *P5 0.05;

***P5 0.001, n.s. = not significant, by ANOVA with Dunnett’s post hoc test compared to untreated controls. †One datapoint out of axis limits.
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Figure 3 Effects of 4-AP are non-inflammatory driven and prevent demyelination. (A) Longitudinal sections of optic nerves of mice

with sham, MOG EAE and MOG EAE with 3 mg/kg body weight fingolimod or 250 mg/mouse/day 4-AP treatment stained for MBP, Iba1 and CD3;

arrows indicate areas of demyelination. (B) Quantitative analyses of myelin status (MBP score), microglial activation by fluorescence intensity

measurement and T-cell infiltration (CD3 score). One optic nerve per mouse was included. (C) Representative TEM images of longitudinal optic

nerve sections from sham, MOG EAE and MOG EAE with 250 mg/mouse/day 4-AP treated C57Bl/6J mice. (D) Quantitative determination of the

myelin-axon ratio, calculated by the thickness of the myelin sheath and the axon. (E) Representative images of brain slice cultures of GFP-myelin

mice with and without GSNO treatment. (F) Quantitative results of myelin damage. All graphs represent the pooled mean ± SEM; grey dots

show individual datapoints (A and B, n = 12 animals per group out of three independent experiments; C and D, slices from n = 13 animals per

group; E and F, slices from n = 5 animals per group) with *P5 0.05, **P5 0.01, ***P5 0.001, n.s. = not significant, by ANOVA with Dunnett’s

post hoc test compared to MOG untreated mice for optic nerves and compared to GSNO treated slices for brain slice cultures. †Few datapoints

out of axis limits.
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observed with 4-AP treatment, suggesting that the effect is

unlikely to be mediated by potassium channel blocking

alone (Fig. 4I).

Longitudinal retinal
neurodegeneration in patients with
multiple sclerosis

As sustained-release 4-AP is licensed and used for the symp-

tomatic treatment of multiple sclerosis, we aimed to

investigate whether 4-AP exerts retinal neuroprotective

effects in patients with multiple sclerosis similar to those

observed in our abovementioned preclinical models. In a

retrospective, longitudinal, international multicentre study,

we identified 52 patients receiving continuous 4-AP therapy

and concurrent longitudinal OCT monitoring, as well as 51

non-4-AP-treated matched controls (see Supplementary Fig.

2 for detailed illustration of the inclusion process and num-

ber of included eyes). The baseline and second visit were

14.8±0.6 months apart for 4-AP patients, and 16.6± 0.9

Figure 4 Effects of 4-AP are based on NFATc1 translocation in OPCs but do not affect differentiation and might be independ-

ent of Kv channel blocking. (A) Quantitative analysis of caspase-stained mouse OPCs in a glutamate toxicity assay. (B) Nuclear translocation

of the NFATc1 transcription factor under 4-AP treatment in mOPCs, plus symbol = 10 ng/ml TNF-alpha. (C) Calcium influx of mOPCs after in-

cubation with 4-AP measured by Fura2 dye. (D) Caspase staining of rat OPCs in a glutamate toxicity assay with 1 mM 4-AP. (E) Percentage of cas-

pase-positive cells in a glutamate assay at 1 mM 4-AP in the medium. (F) MBP-stained rat oligodendrocytes in differentiation medium 2 and 8 days

after cell preparation. (G) Analysis of MBP synthesis in 2- and 8-day-old rat oligodendrocytes (rOLs). (H) Caspase staining of rOPCs after TEA

treatment in a glutamate assay. (I) Caspase-positive rOPCs after TEA treatment, glutamate was added to induce oxidative stress. Scale bars = 30

mm. All graphs represent the pooled mean ± SEM. Grey dots show individual datapoints (n = 12 out of three separate experiments), with

*P5 0.05, **P5 0.01, ***P5 0.001, n.s. = not significant, by ANOVA with Dunnett’s post hoc test compared to vehicle-treated control or as

indicated for bar graphs; * P5 0.05, ***P5 0.001, area under the curve compared by ANOVA with Dunnett’s post hoc test for time courses.
†Some datapoints out of axis limits.
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months for control patients (P = 0.105, two-tailed t-test).

The time interval between the baseline and second visit aver-

aged 28.2± 1.3 months for 4-AP patients and 32.0±2.0

months for control patients (P = 0.126, two-tailed t-test). 4-

AP and control patients differed significantly in age

(Table 1); however, we adjusted for age in the generalized

estimation equation (GEE) analysis.

In both groups, the mean peripapillary RNFL, total retinal

and macular RNFL and GCIPL thicknesses decreased over

the course of 12 and 24 months (Table 2 and Fig. 5). The

mean total retinal thickness did not differ between the

groups (P = 0.512 and P = 0.330 after 12 and 24 months, re-

spectively) and showed significant thinning over time in 4-

AP-treated patients after 12 months (P = 0.009, GEE) as

well as in the control group after 24 months (P = 0.001,

GEE).

The thickness reduction in the macular RNFL (Fig. 5B)

was greater in the control group over the course of 12 and

24 months than in the 4-AP-treated group at these time

points (P = 0.011 and P5 0.001, respectively; Table 2). The

macular GCIPL thickness reduction after 12 months was sig-

nificantly different from the baseline thickness in 4-AP

patients (P = 0.024, GEE) and after 24 months in the control

group (P = 0.009, GEE); however, there was no significant

difference between the groups (Table 2 and Fig. 5C).

Peripapillary RNFL thickness significantly decreased over

time in the 4-AP treatment group (after 12 and 24 months

from baseline, P = 0.009 and P = 0.013) and was also signifi-

cantly different from baseline after 24 months in the control

group (P = 0.041, GEE), with no significant difference in

group comparisons.

In sub-analyses also controlling for history of optic neur-

itis 46 months before the baseline OCT and for clinical

relapses other than ON during the observational period the

results of the main analysis were not changed. History of

optic neuritis only had a significant influence on the baseline

thicknesses (each P5 0.001, GEE).

The median EDSS did not change over time (12 months

versus baseline: P = 0.096 for 4-AP and P = 0.380 for con-

trols; 24 months: P = 0.120 for 4-AP and 0.078 for controls,

Wilcoxon test) and did not show any significant difference

between study groups (P = 0.814 after 12 months and

P = 0.931 after 24 months, Mann-Whitney U-test).

However, a higher EDSS at 12 months was associated with

a significantly thinner macular total retinal thickness and

macular RNFL at 12 months in the control cohort (macular

total retinal thickness: B = –0.441, P = 0.002; macular

RNFL: B = –2.032, P50.001; GEE) but not in the 4-AP

cohort (macular total retinal thickness: B = 2.443, P = 0.310;

macular RNFL: B = 0.995, P = 0.095; GEE).

Discussion
Our finding of the indirect neuroprotective effects of 4-AP

may have an immense impact on multiple sclerosis treatment

strategies if confirmed in a prospective randomized

controlled clinical trial. In multiple sclerosis, although the ar-

senal of immunomodulatory therapies is continuously

increasing, effective treatment strategies for axonal and neur-

onal degeneration, the principal substrates of permanent dis-

ability (Reich et al., 2018), are lacking. Our preclinical data

demonstrate that prophylactic and early therapeutic 4-AP

treatment reduce neuroaxonal and visual loss, as well as

clinical disability, in EAEON, primarily by acting on myelin

and oligodendrocytes. These effects seem to be independent

of an interference of 4-AP during EAE induction, validated

by a T-cell restimulation assay. Most importantly, we pro-

vide evidence that 4-AP can strongly augment the beneficial

effects of prophylactic immunomodulatory treatment with

fingolimod, resulting in almost no degeneration of inner ret-

inal layers. It is reasonable to assume that this effect is not

limited to fingolimod alone and applicable to 4-AP com-

bined with other multiple sclerosis immunomodulatory

therapies. Protective efficacy was demonstrated in vivo

across several independent functional and structural read-

outs, including the clinical EAE score, visual function,

in vivo retinal imaging and histological staining of RGCs,

supporting the validity of these data. Furthermore, 4-AP

Figure 5 Effects of 4-AP on the retinal layers in multiple

sclerosis patients. (A) The macular RNFL (mRNFL) and complex

of the GCIP (mGCIPL) were automatically segmented in volume

scans, and obvious errors were manually corrected. Thickness

changes over the course of 2 years for (B) macular RNFL and (C)

macular GCIPL are displayed. Graphs represent the means for both

groups ± SEM, using GEE models with *P5 0.05.
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prevented the degeneration of RGCs in the optic nerve crush

model, while fingolimod was ineffective, providing addition-

al evidence of the protective capacities of 4-AP.

Our study findings are in accordance with previous studies

using 4-AP in models of peripheral nerve damage, which

demonstrated increased recovery of nerve conduction vel-

ocity, promoted remyelination, and increased axonal area

under prophylactic 4-AP treatment in sciatic nerve crush

(Tseng et al., 2016). However, previous literature on the

effects of 4-AP in EAE is primarily heterogeneous. Oral and

intraperitoneal 4-AP treatments with lower doses of 5 mg/kg

and 250 mg/kg, respectively, reportedly increased walking

ability assessed by the Rotarod and EAE scores of C57BL/6

mice; however, when administered from the day of immun-

ization, the treatments did not influence the EAE score, cyto-

kine profile or T-cell activation (Gobel et al., 2013). In a

more recent study, prophylactic oral treatment at higher

doses of 30 mg/kg significantly improved EAE scores and

reduced T-cell activation and Th1/17 polarization in proteo-

lipid protein-induced EAE in SJL mice (Moriguchi et al.,

2018). Interestingly, this effect was not observed in MOG35-

55 peptide-induced EAE in C57BL/6 mice; however, these

mice were immunized with a far higher dose of MOG35-55

peptide than that used in our study (100 mg versus 200 mg)

(Moriguchi et al., 2018). These discrepancies may in part be

explained by differences in dosing and treatment duration,

as we performed the majority of our experiments with a

prophylactic treatment starting 7 days before the induction

of EAE. However, we also identified protection from retinal

degeneration and less effective, but significant, mitigation of

EAE scores when treatment began on the day of immuniza-

tion and even at Day 14 after immunization. We

acknowledge that the doses in our EAE experiments are

higher than the dose recommended for patients. We calcu-

lated the treatment dose following the ‘Guidance for

Industry Estimating the Maximum Safe Starting Dose in

Initial Clinical Trials for Therapeutics in Adult Healthy

Volunteers’ published by the FDA in 2005, which suggests

that the dose used in mice needs to be divided by 12.3 to

convert it to the ‘Human Equivalent Dose’. This taken into

account, our dosing is only approximately three times higher

than the dosing used in patients with multiple sclerosis.

Therefore, obtaining clinical data from patients to support

these preclinical results is of great clinical interest, especially

since 4-AP is already licensed and used in the symptomatic

treatment of subsets of multiple sclerosis patients with walk-

ing disability (EDSS 4–7). Usually, 4-AP is discontinued if

no direct symptomatic effect on walking tests such as the

timed 25-foot walk test is observed. Therefore, it is benefi-

cial to know whether 4-AP has additional disease-modifying

effects, as it could then be offered to a wider range of

patients. Clinical assessments of disability in routine practice

are rather insensitive to change, therefore, an advantage of

our preclinical investigations is that the approach of in vivo

retinal imaging can be directly translated to clinical settings,

given the increasing numbers of centres where OCT imaging

is being performed in patients with multiple sclerosis on a

routine basis. In a joint effort by the IMSVISUAL consor-

tium (Balcer et al., 2018), we were able to identify a group

of 52 patients receiving continuous 4-AP therapy with longi-

tudinal OCT datasets available and 51 matched non-4-AP-

treated multiple sclerosis controls. A concern regarding

retrospective analyses of this nature is indication bias, which

can have a major impact on the composition of the

Table 2 OCTresults for patients with multiple sclerosis

Time point 4-AP Control Statistics GEE 4-AP versus

Control

Peripapillary RNFL, mma

Baselineb 85.50 ± 1.412 83.72 ± 1.441 P = 0.885; n = 100/99

D12 months –0.631 ± 0.319 (P = 0.004) 0.270 ± 0.639 (P = 0.398) P = 0.798; n = 98/97

D24 months –1.810 ± 0.417 (P = 0.013) 0.320 ± 1.208 (P = 0.041) P = 0.137; n = 42/51

Mean TRT, mma

Baseline 298.642 ± 2.369 292.943 ± 2.593 P = 0.981; n = 62/60

D12 months –1.595 ± 0.618 (P = 0.009) –0.976 ± 0.630 (P = 0.102) P = 0.512; n = 61/59

D24 months –1.351 ± 0.600 (P = 0.188) –2.064 ± 0.451 (P = 0.001) P = 0.330; n = 28/29

Macular RNFL, mma

Baseline 30.325 ± 0.741 30.683 ± 0.764 P = 0.046; n = 61/60

D12 months 0.068 ± 0.198 (P = 0.827) –0.253 ± 0.157 (P = 0.050) P = 0.011; n = 60/59

D24 months –0.022 ± 0.267 (P = 0.939) –0.622 ± 0.220 (P = 0.143) P 5 0.001; n = 27/29

Macular GCIPL, mma

Baseline 63.574 ± 0.885 63.735 ± 0.986 P = 0.663; n = 97/99

D12 months –0.393 ± 0.164 (P = 0.024) –0.236 ± 0.163 (P = 0.409) P = 0.213; n = 96/94

D24 months –0.230 ± 0.274 (P = 0.760) –0.577 ± 0.191 (P = 0.009) P = 0.883; n = 45/50

aChanges after 12 and 24 months compared to baseline were examined using GEE models, and the results are indicated in parentheses, significant differences compared to the con-

trol group are highlighted in bold (P4 0.05).
bThe mean baseline values and annualized changes after 12 and 24 months are presented for each layer, the number of eyes for each measurement are indicated as n = 4-AP/matched

control.

TRT = total retinal thickness.
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treatment groups. Although we used a predefined rigorous

algorithm to match 4-AP-treated patients to non-4-AP-

treated multiple sclerosis controls individually at all centres,

yielding more homogeneous groups and reducing the risk of

bias, it is important to recognize the need for a prospective

assessment of the retinal neuroprotective effects of 4-AP,

preferably in a randomized controlled fashion, to overcome

the limitations of a retrospective approach. Moreover, the

sample size was low for a study aiming to detect differences

in atrophy rates for the inner retinal layers over 2 years in

the absence of optic neuritis. Nonetheless, we were able to

detect significantly lower rates of macular RNFL thinning in

patients treated with 4-AP than in matched controls.

Interestingly, the rates of peripapillary RNFL and GCIPL

thinning did not differ significantly between the groups. The

macular RNFL in volume scans, despite being thinner in

the macular area, might be more sensitive to change than

the peripapillary RNFL measured in ring scans around the

disc (Albrecht et al., 2017; Pietroboni et al., 2017; Stellmann

et al., 2017). The macular RNFL reflecting axonal loss may

unveil degeneration more rapidly than the GCIPL, which

includes the neurons in the ganglion cell layer and their den-

dritic arbours in the IPL. Other possible explanations, such

as axon-independent thickness loss in the macular RNFL

(i.e. loss of oedema), or isolated protection of axons seem

very unlikely given the preclinical findings. Regardless, it is

clear that larger, prospective studies with longer follow-up

times are warranted to more definitively corroborate the ret-

inal neuroprotective effects of 4-AP in people with multiple

sclerosis, as well as in the macular GCIPL and peripapillary

RNFL. Notably, preclinical investigations were performed in

a model of acute optic neuritis, while the clinical study

focused on the slow chronic retinal degeneration occurring

in the absence of optic neuritis. This was owing to the fact

that 4-AP is licensed for the symptomatic treatment of walk-

ing disability, which occurs in the later phases of disease

when optic neuritis is less likely to occur. However, a future

randomized controlled trial, focusing on acute optic neuritis

with higher rates of thinning over shorter times, would allow

for the generation of meaningful results with smaller sample

sizes and shorter follow-up times.

Our histological analysis of optic nerves after EAEON

demonstrated that in contrast to fingolimod, 4-AP had no ef-

fect on the infiltration of T lymphocytes (CD3) or activated

microglia and macrophages (Iba1). However, despite the

lack of influence on inflammation, we still observed signifi-

cant preservation of myelin (MBP) in the optic nerves of 4-

AP-treated EAEON mice, reaching the same effect size as

prophylactic fingolimod treatment. Additionally, we con-

firmed these findings by TEM, where we observed a more

preserved myelin structure and a higher myelin-axon ratio in

mice under 4-AP treatment. Accordingly, in vivo 4-AP treat-

ment of EAEON appears to preserve myelin by non-im-

munological mechanisms, possibly by stabilization and/or

protection of oligodendrocytes/myelin, or by enhancing

remyelination and repair. We acknowledge that we cannot

entirely rule out additional anti-inflammatory effects of

4-AP. The previous report on an attenuated Th1/Th17 po-

larization under 4-AP during PLP139-151 induced EAE in SJL

mice (Moriguchi et al., 2018) as well as the trend towards

less infiltration of CD3 positive lymphocytes in our optic

nerve stainings could suggest additional anti-inflammatory

mechanisms. However, this trend was not significant and all

the data provided in our study, including the effects in the

degenerative and toxic models, justify the conclusion that

the predominant mode of action of 4-AP mediated protec-

tion in our experiments is not anti-inflammatory.

To elucidate the mode of action further, we moved to

in vitro investigations using primary cell cultures and orga-

notypic slice cultures. We acknowledge that the concentra-

tions of �0.1–1 mM required for our in vitro investigations

were approximately 100–1000� higher than the concentra-

tion achieved in vivo. The targeted serum levels of 4-AP in

patients with multiple sclerosis are �640 nM (van Diemen

et al., 1993), and the mean peak concentration in serum

after oral intake of 25 mg immediate release 4-AP is �1 mM

or 530 nM after intake of 20 mg of the sustained-release for-

mulation (analytical specification form, U.S. National

Medical Services, 2010). Notably however, the required con-

centrations depend on the extracellular milieu and the open-

ing probability of ion channels. In most cell culture models,

much higher concentrations of 4-AP are needed in vitro to

affect Kv or calcium (Ca2 + ) channels than in the serum of

multiple sclerosis patients with tolerable doses. In vitro, the

reported IC50 value of 4-AP is in the millimolar range for

affecting Kv channels on dissociated neurons, dorsal root

ganglia (Wu et al., 2009), lymphocytes (Choquet and Korn,

1992), voltage-activated Ca2 + channels on dissociated neu-

rons or dorsal root ganglia (Wu et al., 2009) or acid gated

ion channels on primary hippocampal neurons or Chinese

hamster ovary cells (Vergo et al., 2011).

Our in vitro experiments on cerebellar slice cultures indi-

cate that prophylactic treatment also protects against toxic

demyelination, supporting our in vivo data of preserved

optic nerve myelin in EAEON.

Our primary cell culture experiments demonstrate that 4-

AP, at nanomolar or micromolar concentrations, has no ef-

fect on the viability of axotomized RGCs in vitro and even

has toxic effects at 1 mM. This finding suggests that the neu-

roprotective effects observed in vivo depend on the extracel-

lular environment and may result from effects on

surrounding cells rather than on RGCs themselves. As we

observed preserved myelin in EAEON and the organotypic

slice cultures, we investigated the effects of 4-AP on oligo-

dendroglial cells in vitro, and indeed, prophylactic treatment

with 1 mM 4-AP significantly protected mOPCs and rOPCs

from glutamate toxicity. 4-AP treatment increased the cellu-

lar Ca2 + content and nuclear translocation of NFATc1 in

OPCs. This result is unsurprising as 4-AP treatment report-

edly increases cellular calcium levels, albeit in neuronal cells

(Gibson and Manger, 1988; Tibbs et al., 1989), and calci-

neurin-dependent nuclear translocation of NFAT proteins

occurs with increasing levels of intracellular calcium (Hogan

et al., 2003). Interestingly, a recent publication reported an
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important role for NFAT in OPC maturation and differenti-

ation, suggesting that NFAT proteins interact with Sox10 to

relieve repression of the transcription factors Olig2 and

Nkx2.2, leading to oligodendroglial differentiation and mye-

lination (Weider et al., 2018). However, 4-AP did not alter

the differentiation of rOPCs in vitro, suggesting the involve-

ment of additional distinctive mechanisms. Additional

in vivo and in vitro investigations are already underway to

elucidate the molecular basis of 4-AP’s protective mode of

action.

In summary, we provide compelling in vivo evidence that

4-AP, in addition to its well-known symptomatic effects, can

modify the disease course of EAEON by preserving visual

function, inner retinal layer thickness and myelin status.

These data are supported by clinical data from a longitudin-

al retrospective study of patients with multiple sclerosis

receiving symptomatic 4-AP therapy. Preliminary in vitro

evidence suggests the involvement of cellular calcium levels

and the NFAT pathway, but further investigations are war-

ranted to elucidate the exact molecular mechanisms underly-

ing 4-AP’s neuroprotective effect.
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