Activity of NaV1.2 promotes neurodegeneration
in an animal model of multiple sclerosis
Benjamin Schattling, … , Dirk Isbrandt, Manuel A. Friese
JCI Insight. 2016;1(19):e89810. https://doi.org/10.1172/jci.insight.89810.
Research Article

Neuroscience

Counteracting the progressive neurological disability caused by neuronal and axonal loss is
the major unmet clinical need in multiple sclerosis therapy. However, the mechanisms
underlying irreversible neuroaxonal degeneration in multiple sclerosis and its animal model
experimental autoimmune encephalomyelitis (EAE) are not well understood. A longstanding hypothesis holds that the distribution of voltage-gated sodium channels along
demyelinated axons contributes to neurodegeneration by increasing neuroaxonal sodium
influx and energy demand during CNS inflammation. Here, we tested this hypothesis in vivo
by inserting a human gain-of-function mutation in the mouse NaV1.2-encoding gene Scn2a
that is known to increase NaV1.2-mediated persistent sodium currents. In mutant mice, CNS
inflammation during EAE leads to elevated neuroaxonal degeneration and increased
disability and lethality compared with wild-type littermate controls. Importantly, immune cell
infiltrates were not different between mutant EAE mice and wild-type EAE mice. Thus, this
study shows that increased neuronal NaV1.2 activity exacerbates inflammation-induced
neurodegeneration irrespective of immune cell alterations and identifies NaV1.2 as a
promising neuroprotective drug target in multiple sclerosis.
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Counteracting the progressive neurological disability caused by neuronal and axonal loss is the
major unmet clinical need in multiple sclerosis therapy. However, the mechanisms underlying
irreversible neuroaxonal degeneration in multiple sclerosis and its animal model experimental
autoimmune encephalomyelitis (EAE) are not well understood. A long-standing hypothesis holds
that the distribution of voltage-gated sodium channels along demyelinated axons contributes
to neurodegeneration by increasing neuroaxonal sodium influx and energy demand during CNS
inflammation. Here, we tested this hypothesis in vivo by inserting a human gain-of-function
mutation in the mouse NaV1.2-encoding gene Scn2a that is known to increase NaV1.2-mediated
persistent sodium currents. In mutant mice, CNS inflammation during EAE leads to elevated
neuroaxonal degeneration and increased disability and lethality compared with wild-type littermate
controls. Importantly, immune cell infiltrates were not different between mutant EAE mice and
wild-type EAE mice. Thus, this study shows that increased neuronal NaV1.2 activity exacerbates
inflammation-induced neurodegeneration irrespective of immune cell alterations and identifies
NaV1.2 as a promising neuroprotective drug target in multiple sclerosis.
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Multiple sclerosis is an inflammatory demyelinating disease that currently affects over 2 million individuals
worldwide, making it the most common cause for nontraumatic neurological disability in young adults.
The extent of neuronal and axonal degeneration is best correlated with irreversible disability in multiple
sclerosis patients and therefore their long-term outcome and quality of life. While acute exacerbations
in multiple sclerosis patients are thought to reflect bouts of inflammatory activity that are suppressed by
immunomodulatory drugs, the mechanisms underlying progressive neurodegeneration in multiple sclerosis
and its animal model, experimental autoimmune encephalomyelitis (EAE), remain unresolved (1). As a
consequence, there are currently no therapies available that counteract progression of neurological disability caused by neuronal and axonal loss, which is the largest unmet clinical need in multiple sclerosis therapy.
Dysregulated neural ion channels have been proposed to drive neuroaxonal injury during CNS inflammation and might therefore represent promising neuroprotective drug targets (2–4). In unmyelinated axons,
voltage-gated sodium channels (VGSC) are evenly distributed along the entire axolemma. By contrast,
myelinated axons are characterized by a high density of VGSC at nodes of Ranvier, which allows accelerated saltatory action potential conduction. During brain maturation, a switch in VGSC isoform expression accompanies progressive myelination of axons. Unmyelinated axons and immature nodes of Ranvier
show high densities of NaV1.2 (encoded by SCN2A), whereas mature nodes of Ranvier in myelinated axons
express high densities of NaV1.6 (encoded by SCN8A) (5). However, these physiological developmental
changes of VGSC isoform usage are dysregulated in demyelinated areas during multiple sclerosis and EAE.
Loss of myelin results in a reexpression of NaV1.2, which is — together with NaV1.6 — distributed along
the entire denuded axolemma (6, 7). Presumably, this upregulation initially counteracts myelin loss and pre-
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Figure 1. Generation and characterization of Scn2aA263V channelopathy mice. (A) Scheme of the targeting strategy of knockin mice carrying the human
p.Ala263Val gain-of-function mutation in the Scn2a gene (left), and a representative image of PCR genotyping of wild-type, heterozygous (M/+), and
homozygous (M/M) knockin animals (right). The lanes are from the same gel but were noncontiguous. (B) Quantitative real-time PCR of mouse Scn2a
transcripts normalized to TATA-box-binding protein transcripts from wild-type and M/+ mutant whole spinal cord (n = 2 per group) or whole spleen homogenates (n = 2 per group). ΔCT values were arbitrarily calibrated to CNS cDNA of wild-type mice as the standard value of 1. Data are shown as mean ± SEM.
(C) Western blot of cortical cell membranes from wild-type and M/+ mice at 3 weeks of age, demonstrating comparable abundance of NaV1.2 protein. The
lanes are from the same gel but were noncontiguous. (D) Representative traces of current-clamp recordings from P10 to P12 hippocampal CA1 pyramidal
neurons of wild-type and M/+ mice (injected currents from bottom to top trace in nA: –0.05; –0.025; 0.1; 0.225; 0.3). (E) Number of evoked action potentials plotted against the injected current. Wild-type: n = 10 cells from 2 animals; M/+: n = 15 cells from 3 animals. Data are shown as mean ± SEM.; 2-way
analysis of variance (P = 0.0037 for genotype effect) was used for statistical analysis; **P < 0.01.

serves action potential conduction (8, 9), while persistent changes might be maladaptive and lead to axonal
degeneration via a proposed cascade of intraaxonal sodium accumulation, subsequent axonal energy deprivation, axonal swelling, and calcium overload (3).
In line with this proposed mechanism, sodium imaging of multiple sclerosis patients’ brains by 7 Tesla
magnetic resonance imaging revealed that the intracellular sodium concentration within gray and white
matter was increased compared with healthy controls and that increased intracellular sodium concentrations
correlated with disease duration and degree of clinical disability (10, 11). Moreover, the relevance of neuroaxonal sodium homeostasis in inflammatory neurodegeneration is supported by circumstantial evidence
in EAE studies indicating that treatment with nonselective VGSC blockers can improve the clinical course
(12–14). However, since these blockers also substantially dampen the immune response (15, 16), the mechanisms underlying the beneficial effects of VGSC blockers in EAE have not been unraveled. In particular, it
remains unclear whether and how specific subtypes of VGSC contribute to neurodegeneration.
For more than a decade, a prevailing hypothesis in the field of inflammatory neurodegeneration holds
that neuronal reexpression and axonal distribution of VGSC directly contribute to axonal degeneration in
multiple sclerosis and EAE. Of the two predominant sodium channel isoforms at axonal membranes in the
CNS, NaV1.6 was thought to be the main driver of axonal injury, since NaV1.2 produces a smaller persistent
current than NaV1.6 (17). However, it has so far not been possible to provide direct in vivo evidence for the
contribution of persistent sodium influx in neuroaxonal degeneration during CNS inflammation and the
relative contribution of the two isoforms, as complete loss of NaV1.6 (18) or NaV1.2 (19) function results
in perinatal death of mice. To circumvent this problem, we generated a mouse model with genetically
insight.jci.org   doi:10.1172/jci.insight.89810
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increased NaV1.2 activity and examined the contribution of persistent neuroaxonal sodium influx mediated by NaV1.2 to neuroaxonal degeneration in EAE. Our results demonstrate that increased neuroaxonal
NaV1.2 activity promotes neurodegeneration without affecting immune cell responses.

Results
Generation of Scn2aA263V mutant mice. To address the unresolved question of whether increased neuronal
sodium influx contributes to inflammation-induced axonal injury, we generated a genetic mouse model of
NaV1.2 channelopathy by inserting a human NaV1.2 gain-of-function mutation into the Scn2a gene locus
(Scn2aA263V; Figure 1A). This mutation, which was previously shown to result in an increased tetrodotoxin-sensitive persistent sodium current (20), did not affect either NaV1.2 mRNA expression or protein levels
in brains from heterozygous mice (Figure 1, B and C). Current-clamp recordings in acute hippocampal slices revealed increased excitability of CA1 pyramidal neurons from heterozygous Scn2aA263V/+ mutant (M/+)
mice as compared to neurons from wild-type littermate controls at P10–12 (Figure 1, D and E), a developmental period during which NaV1.2 is known to be expressed by these cells (21). In contrast to homozygous
mutant mice, which showed frequent epileptic seizures associated with an impaired survival rate (data not
shown), M/+ mice did not exhibit an overt behavioral phenotype or increased mortality and were therefore
exclusively used for comparison to wild-type littermates in our EAE experiments.
Scn2aA263V gain-of-function mutation exacerbates EAE without changes in the immune response. To identify whether
NaV1.2 activity contributes to neurodegeneration during chronic CNS inflammation, we challenged heterozygous Scn2aA263V/+ mutant mice and their wild-type littermates by inducing EAE. As we observed a thus far unexplored sex difference in disease severity, with male mutant mice showing a more severe EAE disease course
— only 4 of 11 animals survived 4 weeks after immunization (Figure 2A and Table 1) — all further EAE
experiments were carried out with female mice. Strikingly, female mutant mice showed exacerbated clinical
disability, with a disease onset similar to that of wild-type mice, but a severely impaired disease remission (Figure 2B and Table 1). This was paralleled by an impaired recovery from body weight loss (Figure 2C and Table
1). Notably, there was no difference in the extent of inflammatory lesions (Figure 2D), demyelination (Figure
2E), or astrocytic activation (Figure 2F) in spinal cords from M/+ and wild-type mice at the peak of disease
(14 days after immunization) or chronic phase of disease (30 days after immunization). Further, the Scn2aA263V/+
mutation did not have an effect on priming of lymph node–isolated MOG35–55-specific T cells measured 7 days
after immunization (Figure 2G) or on the total number of CNS-infiltrating CD45+ leukocytes (Figure 2H) or
on subset composition of CNS immune cell infiltrates at day 15 after immunization (Figure 2I).
Enhanced neuroaxonal NaV1.2 activity increases axonal injury and energy consumption during EAE. Finally,
to investigate whether the observed difference in EAE disease course can be attributed to a NaV1.2 activity–induced exacerbated neuroaxonal injury in mutant mice, we recorded axonal densities and energy consumption in the spinal cord. Indeed, we detected an elevated amount of amyloid precursor protein–positive
(App-positive) axons, as a measure of acute axonopathy at 14 days after immunization (Figure 3A), and
a reduced number of preserved axons in the dorsal column 30 days after immunization in mutant mice
compared with wild-type littermates (Figure 3B). This finding was corroborated by an overall increase in
hexokinase-1 expression, as a measure of neuronal glucose or energy consumption (22), in inflamed spinal
cord sections of M/+ mice in comparison with wild-type controls 30 days after immunization (Figure 3C).

Discussion
Here, we show that the activity of the neuronal sodium channel NaV1.2 strongly influences the extent
of axonal degeneration, clinical disability, and neuronal energy demand in an animal model of multiple
sclerosis. Of note, the immune response was not affected by the mutation, implying that, in this model,
blocking NaV1.2 activity is a bona fide mechanism of neuroprotection in CNS inflammation, irrespective
of immunomodulation.
To date, it is unclear whether the beneficial effects of unselective VGSC blockers in multiple sclerosis and EAE are due to an immunomodulatory or a direct axonal effect or a combination of both. We
addressed this timely debate by using a mouse model of genetically increased NaV1.2 activity. Based on our
data, we propose that increased NaV1.2 activity substantially promotes neurodegeneration in multiple sclerosis and EAE via a direct axonal mechanism, i.e., by increasing intracellular sodium concentration, which
then induces a cascade of axonal degeneration, as has been proposed for NaV1.6 (3, 23, 24). In fact, NaV1.6
could play an even more pronounced role during inflammation-induced axonal degeneration, as it proinsight.jci.org   doi:10.1172/jci.insight.89810
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Figure 2. Heterozygous Scn2aA263V mutation (M/+) leads to an exacerbated EAE disease course without altering immune responses. (A) Kaplan-Meier
survival analysis of male EAE mice after immunization with MOG35–55 (wild-type: n = 9; M/+: n = 11; P = 0.02). (B) Clinical disability scores and (C) body
weight changes of female EAE mice after immunization with MOG35–55 (wild-type: n = 13; M/+: n = 20; two independent experiments). (D–F) Representative histopathological stainings and quantifications of whole cervical spinal cord sections (D) or dorsal columns (E and F) of diseased mice 14 days (D14)
or 30 days (D30) after immunization (n = 3–4 mice per group with 2–4 color-coded slices per animal). Sections were stained for cellular infiltration (D;
H&E, sample images from D14), myelin (E; Luxol fast blue [LFB], sample images from D14), and astrocytes (F; glial fibrillary acidic protein [GFAP]). For
each quantification, multiple replicates of data from individual animals were color coded (D–F). Scale bar: 100 μm. (G) Single-cell suspensions of draining
lymph nodes were prepared 7 days after immunization from wild-type EAE (n = 3) and M/+ EAE (n = 3) mice, and restimulated with MOG35–55 peptide. T
cell proliferation was assessed by incorporation of [methyl-3H]thymidine. CNS-infiltrating cells were isolated 15 days after immunization from wildtype EAE (n = 3) and M/+ EAE (n = 3) mice, and the total number of CD45+ leukocytes (H) and the leukocyte subsets (I) were analyzed by multicolor flow
cytometry. All data are presented as mean ± SEM. Statistical analyses were performed by Gehan-Breslow-Wilcoxon test (A), Mann-Whitney test (B and
C), 2-way analysis of variance with Sidak’s post-hoc test (G and I), or Student’s t test (D–F and H); *P < 0.05. Color coding has to be evaluated separately
for each graph, i.e., each color represents one particular animal at one specific time point for one particular parameter.
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Table 1. Scn2a gain-of-function mutation aggravates EAE disease course

Mean maximum score (SD)
Euthanized (score 4)B
Spontaneous death (score 5)C
Incidence
Mean day of onset (SD)

Wild-type
Female

M/+
Female

Wild-type
Male

Male

M/+

3.0 (0.8)
2/17
1/17
16/17
10.9 (4.7)

3.2 (0.6)
2/23
0/23
22/23
10.5 (2.3)

3.5 (0.5)
0/9
1/9
9/9
10.6 (1.6)

4.0 (0.6)A
5/11A
2/11
11/11
10.1 (1.8)

Significant difference in comparison with wild-type mice of the same sex; P < 0.05. BNot included in EAE graphs shown in Figure 2, B and C. CNot included
in EAE graphs shown in Figure 2, A–C. M/+, Scn2aA263V/+ mutant heterozygous mice.

A

duces a larger persistent current than NaV1.2 (17) and colocalizes more often with axonal injury markers
(7). Therefore, comparing human mutations in transgenic mice that result in increased persistent currents
in NaV1.6, such as the gain-of-function mutation p.Asn1768Asp (25–27), with the herein described transgenic NaV1.2 mutant could give further insight into the relative contribution of the two VGSC isoforms in
EAE and multiple sclerosis. However, NaV1.6 channels are more abundantly expressed and conduct larger
currents than NaV1.2 channels, and NaV1.6 gain-of-function mutations cause spontaneous motor seizure
phenotypes in their heterozygous state (25–27), which has not been observed in our NaV1.2 heterozygous
mutant mice. Frequent spontaneous seizures might interfere with EAE experiments, thus complicating
interpretation of the data. Besides our findings, the concept that axonal sodium accumulation contributes
to neurodegeneration is supported by a recent study showing that a peripheral neuropathy–associated gainof-function mutation of the VGSC subtype NaV1.7 leads to intraaxonal sodium overload, reverse activity of
the sodium/calcium exchanger, and subsequent intraaxonal calcium accumulation and toxicity (28). Notably, the particularly high sensitivity of male mutant mice to neurodegeneration revealed by our experiments
is reminiscent of human multiple sclerosis patient data, suggesting that men might have an accelerated
neurodegenerative disease course in comparison with women (29). While the pathomechanism remains
entirely unclear, this model might allow the deciphering of differences in resilience to inflammatory stressors between male and female neurons.
There is evidence that nonspecific sodium channel blockers do not only target neuroaxonal VGSC, but
also show effects on VGSC expressed on astrocytes, microglia, and other immune cells (15, 30). Considering the heterogeneous roles of the different VGSC subtypes in multiple sclerosis (31, 32), our findings
in context with previous studies suggest that nonselective sodium channel blockers exert their beneficial
effect at least via two mechanisms, i.e., direct axonal neuroprotection (presumably via NaV1.6 and NaV1.2)
and immunomodulation (presumably via NaV1.6, NaV1.5 and off-target). While NaV1.2 is reexpressed and
distributed along the axolemma during multiple sclerosis (7) and EAE (6), NaV1.2 expression has been
detected in neither microglia nor other immune cells (Figure 1B and Supplemental Figure 1; supplemental
material available online with this article; doi:10.1172/jci.insight.89810DS1); it is also not upregulated in
astrocytes within multiple sclerosis plaques (31), although it is expressed by scar and reactive astrocytes
within chronic multiple sclerosis plaques (33). In contrast, NaV1.5 is highly upregulated in astrocytes within
multiple sclerosis lesions (31) and expressed in macrophages within active multiple sclerosis lesions (34),
and NaV1.6 expression is elevated in microglia and macrophages in multiple sclerosis and EAE (16).
In translational medicine, while a placebo-controlled clinical multiple sclerosis trial with the anticonvulsant lamotrigine failed to show clear benefits regarding neurological disability (35), a well-designed
phase II trial showed that phenytoin might be neuroprotective in multiple sclerosis patients suffering from
optic neuritis (36). Of note, compressive spinal cord injury is also characterized by demyelination (37),
which can be rescued by treatment with nonspecific sodium channel blockers (38), indicating that our
findings could have translational relevance beyond the treatment of multiple sclerosis. Thus, unraveling
the contribution of the different VGSC subtypes would enable targeted therapy in multiple sclerosis and
possibly other demyelinating diseases, thereby increasing therapeutic potency and reducing adverse effects
(39). As the tarantula toxin phrixotoxin 3 specifically blocks NaV1.2 in vitro (40), it is, in principle, possible
to develop specific blockers that might be suitable for the use in humans (39). As NaV1.2 is less abundantly
insight.jci.org   doi:10.1172/jci.insight.89810
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Figure 3. Enhanced NaV1.2 activity results in increased axonal injury and neuronal energy consumption during EAE. Representative histopathological
sections and quantification of (A) amyloid precursor protein (App; P = 0.016), (B) neurofilament (P < 0.0001), and (C) hexokinase-1 (HK1; P = 0.023) immunostainings. Dorsal columns and corticospinal tract (A), dorsal columns (B), or gray matter (C) of cervical spinal cord sections were stained from wild-type
EAE and M/+ EAE mice 14 days (A; n = 3 mice per group with 2 color-coded slices per animal) or 30 days after immunization (B and C; n = 4 mice per group
with 2–5 color-coded slices per animal; normalized to healthy wild-type and M/+ control mice); for each quantification, multiple replicates of data from
individual animals were color coded. Scale bar: 20 μm (A and C), 2 μm (B). All data are presented as mean ± SEM. Statistical analyses were performed by
Student’s t test; *P < 0.05, **P < 0.01. Color-coding has to be evaluated separately for each graph, i.e., each color represents one particular animal at one
specific time point for one particular parameter.

expressed than other VGSCs and shows disease-related reexpression, NaV1.2-specific blockers may generate fewer unwanted side effects than NaV1.6-specific blockers. Thus, our findings suggest that NaV1.2 is a
promising ion channel subunit to be specifically targeted in multiple sclerosis and possibly other acute and
chronic CNS processes that are associated with neuroaxonal degeneration.

Methods
Animals. The Scn2aA263V mutant knockin allele was generated by targeting of (129/Sv) ES cells with a construct
containing the point mutation c.788C>T flanked by Scn2a genomic sequences. For selection and excision of
the neo gene, an ACN cassette (41) was included in the targeting vector pKo Scrambler. The linearized targeting vector was electroporated into R1 ES cells, which were subjected to selection by geneticin (G418, Invitrogen). Homologous recombination was verified by PCR analysis. We propagated the line by backcrossing
Scn2aA263V/+ mutant heterozygotes to C57BL/6J wild-type mice (The Jackson Laboratory). Genotyping was
performed by amplification of wild-type and mutant alleles following standard protocols. A 391-bp genomic
fragment of Scn2a containing the mutation was amplified by PCR with the following primers: 5′-CCAAACCATGATGGGGGTTAG-3′ and 5′-GAGCTGCAGCCCTATTAATAC-3′. A 466-bp genomic fragment of
Scn2a wild-type DNA was amplified with the following primers: 5′-TGTCTGAGTGTCTTTGCTCTC-3′
and 5′-GATCATGCACGTTGAAATGGC-3′. Mice were kept under specific pathogen–free conditions in the
Central Animal Facility at the University Medical Center Hamburg-Eppendorf (UKE). Age-matched adult
animals (10 to 20 weeks of age) were used in all experiments.
Gene expression analysis. mRNA was purified using the RNeasy Mini Kit (Qiagen) and reverse transcribed to cDNA with the RevertAid H Minus First-Strand cDNA Synthesis Kit (Fermentas) according to
the manufacturer’s instructions. For quantitative real-time PCR, the following TaqMan Gene Expression
Assays were used: Scn2a, Mm01270359_m1 and Tbp, Mm00446971_m1. Gene expression was analyzed
by real-time PCR performed in an ABI Prism 7900 HT Fast Real-Time PCR System (Applied Biosystems)
using the ΔCt method for relative quantification with Tbp as endogenous control.
Western blot analysis. Membrane proteins were isolated from mouse cortices at P21 using the ProteoExtract Native Membrane Protein Extraction Kit (Merck Millipore). Protein concentration was measured
with the BCA assay (Thermo-Fisher). Samples containing 40 μg protein were incubated at 70°C for 10
minutes in sample loading buffer before electrophoresis on 3%–8% gradient Tris-Acetate gels (Thermo
Fisher). After transfer, filters were cut and incubated with polyclonal antibody to NaV1.2 (AB5206, 1:200;
Millipore) in PBS containing 5% milk powder and 2% TWEEN.
insight.jci.org   doi:10.1172/jci.insight.89810
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Electrophysiology. Brain slices were obtained as previously described (42). Before recordings, slices were
incubated in normal aCSF solution at 36°C for 1 hour for recovery. Whole-cell current clamp recordings
were performed at 34°C in hippocampal CA1 pyramidal neurons with an Axopatch 200B amplifier and a
DigiData1420 digitizer. Data were obtained and analyzed by pClamp 10.2 software (all Molecular Devices). Borosilicate glass pipettes had a resistance of 3–5 MΩ. The pipette solution contained (in mM): 5 KCl,
4 ATP-Mg, 10 phosphocreatine, 0.3 GTP-Na, 10 HEPES, 125 K-gluconate, 2 MgCl2, and 10 EGTA, with
a final pH of 7.2 and an osmolarity of 290 mOsm/kg. Cells were held at –70 mV. Signals were low-pass
filtered at 30 kHz and sampled at 100 kHz.
EAE induction. Animals were immunized subcutaneously with 200 μg MOG35–55 peptide (Schafer-N) in
50 μl complete Freund’s adjuvant containing 4 mg/ml Mycobacterium tuberculosis (Difco); mice were injected once in the left and once in the right flank. In addition 200 ng pertussis toxin (Calbiochem) was injected
intravenously on the day of immunization and 48 hours later. Mice were scored for clinical signs daily by
the following system: 0, no clinical deficits; 1, tail weakness; 2, hind limb paresis; 3, partial hind limb paralysis; 3.5, full hind limb paralysis; 4, full hind limb paralysis and forelimb paresis; and 5, premorbid or dead.
Animals reaching a clinical score ≥4 were euthanized. The experimenters were blinded to the genotype
until the end of the experiment, including data analysis. The animals were delivered to the experimenters
separated by litters; each animal was numbered in chronological order independent of the genotype. For
female mice, two independent sets of EAE experiments were conducted. The data were pooled for final
data analysis. In contrast, due to the substantially impaired survival rate of male mutant mice challenged
by EAE and the subsequent ethical considerations, we did not repeat the experiment with male mice. In the
first round of experiments, we used mice from the third generation of backcrossing with C57BL/6. In the
second set of animals, we used SNP analysis to estimate the percentage of C57BL/6 background, which
was above 90% for all animals that were analyzed, indicating genetic background homogeneity.
Immunohistochemistry and histopathological analyses. Cryosections from perfused and PFA-fixed mid-cervical spinal cords were incubated in blocking solution and subsequently stained with antibodies against the
following structures: phosphorylated neurofilaments (SMI 31, mouse IgG, 1:1,000; Covance), nonphosphorylated neurofilaments (SMI 32, mouse IgG, 1:1,000; Covance), glial fibrillary acidic protein (GFAP,
chicken IgY, 1:500; Abcam ab4674), and hexokinase-1 (HK1, MAB1534, mouse IgG, 1:250, EMD Millipore). Alexa Fluor 488–coupled donkey antibodies recognizing mouse IgG (1:600, Dianova) were used
as secondary antibodies. The sections were analyzed with an LSM 700 confocal microscope (Zeiss). For
H&E, Luxol fast blue (LFB), and App stainings, spines were fixed, decalcified, dehydrated and cast in
paraffin, and stained according to standard procedures of the UKE Mouse Pathology Facility. Primary
antibodies against App (1:3,000, Millipore, MAB348) were visualized by the avidin-biotin technique with
3,3-diaminobenzidine. The slides were analyzed using a NanoZoomer 2.0-RS digital slide scanner and
NDP.view2 software (Hamamatsu). Axonal counts from the dorsal columns, HK1, GFAP immunoreactivity, and App+ axons within white matter were analyzed with ImageJ software (NIH), with fixed threshold
intensities across experimental groups. Numbers of inflammatory foci per spinal cord cross-section (H&E)
were quantified manually as previously described (4), and the area of demyelination as a percentage of the
total analyzed area of white matter within a given LFB stained section was measured using NDP.view2
software (Hamamatsu).
T cell proliferation assay and flow cytometry of CNS-infiltrating immune cells. For analysis of T cell proliferation,
lymph node and spleen cells from immunized mice were cultured in 96-well plates (Sarstedt) at 2 × 105 cells
per well in complete mouse medium (RPMI 1640, 10% FCS, 50 μM 2-mercaptoethanol, 100 U/ml penicillin/
streptomycin) and stimulated with MOG35–55 peptide or anti-CD3 (145-2C11, 1:100; eBioscience). After 2 days,
cells were pulsed with 1 μCi [methyl-3H]thymidine (Amersham) per well for 16 hours. Cells were harvested and
spotted on filter mats with a Harvester 96 MACH III M (Tomtec). Incorporated activity per well was assessed
in counts per minute in a Beta counter (1450 Microbeta, Perkin-Elmer), and proliferation was calculated. For
flow cytometric analyses, CNS-infiltrating cells were isolated by Percoll (GE Healthcare) gradient centrifugation 15 days after immunization, and total numbers of CD45+ CNS-infiltrating leukocytes were quantified by
using TruCOUNT beads (BD Biosciences). CNS-infiltrating leukocyte subsets were identified by staining with
monoclonal antibodies to the following proteins in the presence of TruStain Fc receptor block (1:1,000, BioLegend): CD3e (1:100, PerCP-Cy5.5, BioLegend, clone 145-2C11), CD8a (1:300, APC, BioLegend, clone 53-6.7),
CD11b (1:300, FITC, BioLegend, clone M1/70), CD11c (1:300, PE-Cy7, eBioscience, clone N418), CD45
(1:100, APC-Cy7, BioLegend, clone 30-F11), Ly6G (1:300, V450, BD Biosciences, clone 1A8), NK1.1 (1:50,
insight.jci.org   doi:10.1172/jci.insight.89810
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PE, eBioscience, clone PK136), and CD19 (1:100, BV510, BioLegend, clone 6D5). Immune cell populations
from CNS-infiltrating cells were identified as previously described (4). All FACS data were acquired on a LSR II
FACS analyzer (BD), and data analysis was performed with FlowJo vX analysis software (TreeStar).
Statistics. All values are expressed as mean ± SD or SEM. Where indicated, we analyzed for significance by using unpaired, 2-tailed Student’s t test for two groups or 2-way analysis of variance with Sidak’s
or Fisher’s post-hoc analysis for multiple comparisons as parametric tests. Mann-Whitney U test was used
as a nonparametric test, when data did not show normal distribution. We considered P < 0.05 as significant
and P < 0.01 as highly significant. Intraindividual variability was not considered; P values are exploratory.
Data illustration and statistical analysis were performed using GraphPad Prism 6.
Study approval. All applicable international, national, and/or institutional guidelines for the care
and use of animals were followed. All procedures were in accordance with the ethical standards of the
German Animal Welfare Act. Ethical approvals were obtained from the State Authority of Hamburg,
Germany (approval G13/022).
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